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Abstract
Impact cratering is the most ubiquitous geologic process shaping the surface of solid bodies
in our Solar System. Despite their deleterious effects, impacts have the potential to initiate
transient hydrothermal systems, making them attractive targets in the search for water and
extraterrestrial life. The relatively low temperature nature of these environments and poor
preservation state of craters on Earth leads to difficulties in determining the provenance of
many alteration phases, particularly clay minerals. This becomes especially problematic on
other clay-rich planetary bodies (e.g., Mars) where limited geologic information can lead to
ambiguous and/or inaccurate interpretations. This thesis presents a case study on drill core
from the peak-ring of the Chicxulub impact crater, Mexico, with the following goals in mind:
(1) document the alteration assemblages preserved within the impact melt-bearing breccias;
(2) examine the impactite clay mineralogy (i.e., <0.2 and <2 µm) using X-ray diffraction,
electron microprobe and spectroscopic analysis; (3) determine the clay δ2H and δ18O
signatures, and (4) study the geochemistry and alteration patterns in glasses preserved
throughout the melt-bearing breccias. The secondary assemblages are predominantly zeolites,
clay minerals, and carbonates plus other phases in minor amounts. The clay minerals consist
of hydroxy-interlayered saponite and montmorillonite. Changes in smectite mineralogy
correlate with host rock physical properties and clay δ18O (+10.4 to +18.6‰), which
indicates relatively low formation temperatures for the montmorillonite (~10-25°C), and only
slightly higher temperatures for the saponite (~35-50°C). The clays’ δ2H (–105 to –87‰)
remains relatively unchanged through the core. The isotopic data indicate clay mineral
formation from a meteorically-derived Gulf Coast Brine, not seawater or it’s evolved
equivalents. Impact glass is altered predominantly to a nanocrystalline clay-like material,
palagonite. Despite being altered, the palagonite preserves textures indicating the initial
presence of two chemically distinct melts, one more felsic and the other more mafic,
reflective of the mixed sedimentary-crystalline target. Results from this thesis support the
continued exploration of impact structures on other hydrous, rocky bodies. Craters should be
considered a major source of di- and trioctahedral smectites and poorly-crystalline materials,
although they are not necessarily indicators of hydrothermal formation temperatures.
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Summary for Lay Audience
Impact cratering is the most common geologic process that shapes the surface of every
planetary body in our Solar System. Despite their biologically devastating immediate
consequences, the long term effects of cratering have the potential to create environments
that are favorable for life to thrive, making impact craters attractive targets in the search for
extraterrestrial life. The immense amount of heat generated during an impact event interacts
with water (e.g., liquid water, subsurface ice) and can initiate ephemeral hydrothermal
systems. There are no currently active impact-generated hydrothermal systems on Earth,
however approximately one-third of ancient craters show evidence that they existed, usually
in the form of mineral deposits and degassing structures. These processes are also believed to
occur on the surface of Mars and any other water-bearing rocky planet or satellite; however,
detecting fossilized impact-generated hydrothermal systems on distant worlds is a
challenging endeavor. Discerning the geologic history of other celestial bodies is currently
limited to what can be learned using remote observations (i.e., satellites and ground-based
rovers), and interpreting scientific measurements made on other planets is based on groundtruth observations of geologic features on Earth. This concept, called Earth analogue studies,
introduces the foundation of this thesis which explores the hydrothermal system preserved in
the peak ring of the 66 million year old, 180 km-diameter Chicxulub impact structure buried
beneath the Gulf of Mexico and northern Yucatán peninsula, using drill core collected in
2016. This work specifically focuses on the characterization and production of clay minerals
within the context of impact-generated hydrothermal systems, as these are one of the most
ubiquitous and complex mineral groups found in ancient impact structures on Earth and
Mars. Results from this thesis showcase the complexity of clay minerals, their stable isotope
signatures and more broadly their formation conditions through the peak ring, and also gives
some insight into regional geologic processes affecting the impact structure today. This work,
overall, provides some progress towards discerning the origin of clay minerals within the
context of impact processes on other water bearing rocky planets and satellites in our Solar
System.
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Chapter 1
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Literature Review and Thesis Introduction

1.1 Thesis objectives and overview
The overarching goal of this thesis is to broaden our understanding of how impact
cratering interacts with water-bearing, solid surfaces to potentially create environments in
which life could thrive on extraterrestrial planets and satellites in our Solar System. Life,
as we currently understand it, requires water and from a geological perspective on Earth,
Mars and beyond in an attempt to “follow the water” we search for environments rich in
hydrated materials. Hypervelocity impacts have shaped all solid surfaces in our Solar
System and while initially biologically catastrophic, they can generate transient
hydrothermal systems that are conducive to the development of microbial communities
(Naumov, 2005; Cockell, 2006; Parnell et al., 2012; Osinski et al., 2013; Sapers et al.,
2014a). For these reasons impact structures are one of the most promising geological
features we find across all planetary bodies that show compelling evidence for preserving
water and ancient life, if it ever existed.
Impact-generated hydrothermal environments generally fall within the geologic
realm of low-temperature alteration (<400 °C) and result in mineral assemblages
comparable to what might be found in other endogenic supergene (near surface) or
hypogene (subsurface) deposits (Naumov, 2005; Pirajno, 2009; Osinski et al., 2013).
However, these higher temperatures are often transient and the most widespread,
pervasive alteration occurs at much lower temperatures (<150 °C). Many mineral groups
such as clays, carbonates and zeolites form across this range, where the boundary
between hydrothermal and ambient weathering easily becomes blurred, and their
interpretation can be ambiguous without geochemical constraints (e.g., fluid inclusion or
stable isotope analysis) (Deer et al., 2004; Pirajno, 2009).
Arguably the most complex and misinterpreted mineral groups found across the
surface of all water-bearing rocky bodies in our Solar System are clays. On Earth, clay
minerals can form in many environments from very low temperature, ambient conditions
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(i.e. detrital or weathering processes in soils) to high temperature hydrothermal (e.g.
neocrystallization from solution or primary mineral alteration) (Brindley and Brown,
1980; Pirajno, 2009). Clay minerals are a common secondary product found in highly
altered impactites (rocks produced by impact cratering); these are most often produced
from the alteration of metastable impact glass or primary minerals, though their origin
within the context of impact hydrothermal or low temperature diagenetic processes
remains poorly understood (Pirajno, 2009; Muttik et al., 2010; Sapers et al., 2016;
Ehlmann and Edwards, 2014).
Clay minerals are also found ubiquitously across the surface of Mars, where their
provenance is much more challenging to define (Ehlmann and Edwards, 2014; Michalski
et al., 2015; Bristow et al., 2018). In recent decades high concentrations of clay-rich
deposits have been observed associated with Martian impact craters leading some to
propose they represent surficial expression of impact-generated degassing pipes, or the
excavation of ancient, pre-impact subsurface hydrothermal systems, or that they possibly
formed from surficial weathering and diagenesis (Marzo et al., 2010; Ehlmann and
Edwards, 2014; Carozzo et al., 2017). The implications for either of these origins are
significant and is just one example of how geologic interpretation drives current and
future exploration landing sites. Unfortunately, in our excitement to find the next “hot
spot” for potential extant or extinct life on Mars we can precociously rush to the
conclusion that clays indicate ancient hydrothermal systems which as this thesis will
show, is not always (but sometimes could be) the case. Studying these processes on
extraterrestrial surfaces remains difficult as we are currently limited to what can be
achieved using remote sensing satellites or ground-based rover operations, highlighting
the importance for terrestrial analogue studies.
Within the context of these guidelines, this thesis presents a case study on the
~180 km diameter, 66 Ma Chicxulub impact structure, one of the largest impact craters
on Earth (Hildebrand et al., 1991; Kring et al., 2007; Renne et al., 2013), and examines
its potential for generating and preserving mineralogical evidence for hosting a
hydrothermal environment that was favorable to sustain extremophile life. More
specifically, this thesis aims to understand the formation of clay minerals within the
context of the hydrothermal system and also employs clay mineral stable isotope
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geochemistry to help identify the fluid sources and temperatures circulating within the
structure. This case study utilizes core samples that were recently collected in 2016
during the joint Intercontinental Ocean Drilling Program (IODP) – International
Continental Drilling Program (ICDP) Expedition 364 at site M0077A (21.45° N, 89.95°
W), which sampled the Chicxulub peak-ring (Morgan et al., 2016; Gulick et al., 2017a).
The expedition recovered ~830 m of continuous core that has been made readily available
to the scientific community. This presents a unique opportunity to study the 3dimensional workings of impact-hydrothermal systems in what is arguably the bestpreserved peak-ring crater on Earth (Hildebrand et al., 1991; Kring et al., 2007; Morgan
et al., 2016). The most active extraterrestrial planetary exploration being conducted at
present is occurring on Mars and many of the parallels drawn throughout this thesis are
directed primarily with this analogue in mind; however, the conclusions reached could be
applied to any water-bearing solid body with a similar geologic and atmospheric
composition
This chapter will first introduce impact cratering processes and products.
Subsequently, the following sections provide an overview of impact-generated
hydrothermal systems on Earth and discuss some of the current sites where this activity
may (or may not) have occurred on Mars. The reader is then introduced to the field site
for this thesis - the Chicxulub impact structure - and provided with an overview of the
regional setting, previous exploration campaigns and the most recent drilling of the peakring that produced the geologic materials for this thesis. The following sections introduce
some of the methods employed in this study: clay mineralogy and the fundamental
concepts of isotope geochemistry and discusses their utility in studying water-rock
interaction in ancient impact structures. Lastly, the closing section provides the reader
with an outline of the thesis and summarizes each of the following chapters.

1.2 Impact Cratering
Impact cratering is a ubiquitous natural process affecting all solid bodies in our
Solar System, and impact structures are the most common geological landform on the
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surface of terrestrial planets and satellites (French, 1998; Koeberl, 2006; Osinski and
Pierazzo, 2012). While the deleterious consequences of impact events are widely
recognized, their long-term effects may be beneficial to life in the form of hydrothermal
systems and endolithic habitats for microbial organisms (Naumov, 2005; Cockell, 2006;
Osinski et al., 2013; Sapers et al., 2014a; Pontefract et al., 2016; Lowery et al., 2018).
Cratering can create, concentrate or expose economically viable resources (Grieve and
Masaitis, 1994), and reveal information on the subsurface composition of distant
extraterrestrial worlds, providing a means for humans study their geology from afar.
Impact structures can also record and preserve the hydrologic history of ancient solid
terrains and therefore they are high-priority targets for current and future planetary
exploration missions to the Moon and Mars.
The interpretation of geologic features and surface processes observed on other
planets and satellites is based on ground-truths recognized on Earth. Unfortunately, due
to crustal recycling, volcanism and an active environment the cratering record on our
planet has been all but erased; only 198 impact structures have been documented to date
(www.impact.uwo.ca, 2020) and many of these are either inaccessible or not well
preserved. As a result, detailed studies focusing on impact craters are relatively limited
compared to other endogenous geologic features. Despite their paramount role in shaping
Earth and our Solar System, many fundamental aspects of impact cratering as a process
and the materials they produce remains poorly understood. Nevertheless, there are a few
well-preserved and studied structures such as Barringer crater in Arizona and the Ries
crater, Germany that have provided the foundations for our understanding of impact
cratering processes and products (Newsom et al., 1986; French, 1998; Osinski et al.,
2012).

1.2.1

Impact crater formation and types
Impact crater formation is an extraordinarily fast geologic process, occurring in a

matter of seconds to minutes (French, 1998; Osinski and Pierazzo, 2012). There are three
main stages of formation: (1) the contact and compression stage; (2) the excavation stage;
and (3) the modification stage (Fig. 1.1).

5

The first stage, contact and compression, is defined as the moment when the
leading edge of the projectile contacts the surface of a terrestrial body (French, 1998).
Immediately after contact occurs the impactor slows to a fraction of its initial velocity
and the kinetic energy is transferred into the target as two distinct shock waves. The first
wave emanates from the projectile-target interface immediately at the moment of contact
and the second wave, the rarefaction wave, is subsequently generated by the reflection of
the first shock wave off the trailing end of the impactor (Melosh, 1989; French, 1998;
Osinski and Pierazzo, 2012). This rarefaction wave travels back through the projectile
and acts as an unloading mechanism, releasing immense pressure, resulting in high
temperatures that may result in its vaporization. The end of this first stage is marked as
the moment the rarefaction wave is transferred into the target rock; these waves travel at
hypersonic speeds and this phase of cratering lasts only a few seconds (Melosh, 1989;
French, 1998; Osinski and Pierazzo, 2012).
The second stage, excavation, begins as the second shockwave from the contact
and compression stage radiates through the target in a hemispherical shape and in the
process displaces and ejects material to form a transient cavity (Fig. 1.1) (Melosh, 1989;
French, 1998; Osinski and Pierazzo, 2012). Shock pressures during this stage may reach
up to hundreds of GPa, far exceeding the conditions produced by most other endogenic
geological processes, which generally do not exceed 1 GPa (Melosh, 1989; Stöffler and
Langenhorst, 1994; French, 1998; French and Koeberl, 2010). As these shock waves
propagate through the surface in a bowl shape some of the waves intersect the target
surface and may either be reflected back downwards or cause surface material to be
ejected; these rocks are projected up and outwards from the developing transient cavity
and form the ejecta blanket. At lower levels within the crater material moves down and
outwards from the central point and is displaced. Shock-induced melting of the target
rocks occurs at pressures above 60 GPa; below these pressures, a myriad of impact
products may be produced such as selective mineral melting, and the formation of
diaplectic and melt glass, high pressure mineral polymorphs and planar deformation
features (PDF’s) (Melosh, 1989; French, 1998; French and Koeberl, 2010; Osinski and
Pierazzo, 2012). These shock waves can travel hundreds of kilometers in the largest
craters; as the waves move through target material and gradually weaken, they become
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elastic waves, the transient crater ceases expansion and the excavation stage ends. During
this second stage the projectile may completely vaporize and be incorporated into the
melted materials or be ejected as part of the vapour plume; in smaller craters <4 km
diameter the projectile may be preserved and recovered, such as the Canyon Diablo
meteorite at Barringer Crater, USA. The entire process is estimated to last 2 to 6 minutes
(French, 1998; Osinski and Pierazzo, 2012).
The third and final phase of crater formation is the modification stage; its
definition is more ambiguous than the preceding two and largely depends on the size of
the structure. Shortly after expansion ceases gravity will result in a “settling” of the
crater. In smaller structures material from the interior walls slumps downward and impact
melt, if generated, may be expelled beyond the crater rim. Larger, complex and multiring craters will develop listric faults due to gravitational collapse and form concentric
terraces (French, 1998; Osinski and Pierazzo, 2012). There is no defined end to this
process and it encompasses anything that occurs to the structure after it forms (e.g.
erosion, hydrothermal processes, regional tectonism).
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Figure 1.1: Schematic diagram showing the formation of and major geologic
features of simple (left side) and complex (right side) impact craters (Osinski et al.,
2018).

8

There are three main types of craters classified based on their size and
geomorphologic features: (1) simple, (2) complex, and (3) multi-ring. On Earth, simple
craters are the smallest - less than 4 to 5 km diameter - bowl-shaped structures that
usually lack significant amounts of melt. Complex craters are classified as those with a
diameter greater than 4-5 km and contain a central topographic high region, annular
trough, faulted crater rim and outer ring structure (French, 1998). As these structures
increase in size the central uplift region becomes a series of concentric alternating peakrings and basins, and outer areas of the structure, the rim, experience collapse along
concentric faults forming ring grabens. The largest craters are multi ring basins; these
structures can reach up to 1000 km diameter and are made of alternating uplifted rings
and low-lying, faulted basins (French, 1998; Osinski and Pierazzo, 2012). These huge
structures are do not exist on Earth today as they are associated with the earliest stages of
planetary accretion during the Late Heavy Bombardment (LHB) and for that reason they
are poorly preserved. The most well-known, preserved multi-ring structure is the
Orientale basin on the Moon (Morse et al., 2018).

1.2.2

Impactites
‘Impactite’ is the term used to describe any rock that has been affected by or

produced from a meteorite impact (French, 1998; Stöffler and Grieve, 2007; French and
Koeberl, 2010; Osinski and Pierazzo, 2012). The effects of an impact event can be
manifested over a range of severity, from the complete vaporization of target rocks and/or
the projectile to localized, relatively non-destructive fractures and faulting in the
basement rocks beneath a crater. The classification of impactites is wrought with
controversy and can be convoluted but generally it is based on the abundance of melt and
lithic, or non-melted, material and location relative to the crater (e.g. crater-fill, distal
ejecta). Impactites can be subdivided into three main categories based on their position
within the crater: (1) autochthonous, or those affected by shock but found in their original
pre-impact position; (2) parautochthonous, those that have been displaced, fractured
and/or brecciated, but appear to be mostly in their original position; and (3)
allochthonous, those that originated from beyond their original location (e.g. flowed,
melted, vaporized) (French, 1998; Osinski and Pierazzo, 2012). Allochthonous impactites
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are further subdivided based on their position relative to the crater, as proximal (<5 crater
radii, nearby) and distal (>5 crater radii, further away). Each of these categories are also
described based on their melt vs. lithic content (Sapers et al., 2014b; Osinski et al., 2018).

1.2.3

After the dust settles: extinctions and evolution
Impact cratering is a notoriously destructive and violent natural phenomenon.

Large impact events are not as common throughout modern human history as they were
on early Earth, but smaller events still occur such as the Chelyabinsk airburst in Russia,
in 2013 (Artemieva et al., 2019). Only one mass extinction has been directly linked to a
collision event; the Chicxulub impact at the Cretaceous-Paleogene boundary (66 Ma)
which caused the demise of non-avian dinosaurs (Hildebrand, 1991; Kring, 2007; Renne
et al., 2013). There have been attempts to link other mass extinctions to impacts such as
that which occurred at Triassic-Jurassic boundary, but the cause and especially the timing
of these is debated (Spray et al., 1998). Despite these devastating consequences, impact
cratering can also be beneficial to the evolution and sustainability of life on Earth and
possibly other planetary bodies in our Universe.
The enormous amount of energy generated by an impact has long lasting effects
on the environment. Large collision events may temporarily disturb the natural
geothermal gradient, causing it to uplift to shallower depths than usual and although
transient in nature, combined with the hot melt and glass in impactites the thermal
anomaly created by an impact may last several thousands to millions of years (Abramov
and Kring, 2004; Naumov, 2005; Osinski et al., 2013). This residual heat combined with
water in the environment can generate a hydrothermal system within the structure that
may produce conditions favorable for the development of extremophilic microbial
communities in otherwise inhospitable environments throughout our Solar System, and
some have even suggested impact craters acted as ‘cradles of life’ on early Earth
(Cockell, 2006; Osinski et al., 2013).
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1.3 Impact-generated hydrothermal systems
1.3.1

Overview
Approximately one-third of craters on Earth show evidence for impact-generated

hydrothermal systems, and recent evidence from remote sensing and ground-based rover
operations shows these systems may also have existed early in Mars’ history (Naumov,
2005; Osinski et al., 2013). The cratering record on Earth is much more sparse than other
tectonically inactive planetary bodies due to crustal recycling and surficial weathering;
only 198 confirmed impact structures have been confirmed on Earth at present
(Impact.uwo.ca, 2020), while Mars for example has over 300,000 (French and Koeberl,
2010; Osinski and Pierazzo, 2012; Robbins and Hynek, 2012). Of these 198 craters on
Earth very few are well-preserved and accessible for study, and so the number of sites
with impact-generated hydrothermal systems that have been studied in detail is relatively
low.
Transient hydrothermal systems may develop as the result of an impact event if
three conditions are met: (1) enough heat is generated (i.e. uplifted geothermal gradient,
melt rocks and melt-bearing breccias); (2) there is an adequate amount of volatile
compounds within the target rocks (e.g. liquid water or ice); and (3) sufficient porosity
and permeability is generated and sustained within the crater to allow for fluid circulation
(e.g. porous and permeable impact breccias and faulted, fractured target rock) (Naumov,
2005; Parnell et al., 2010; Osinski et al., 2013). The nature and lifetime of these systems
is thought to be controlled by the distribution of the heat source (i.e. how much melt is
generated, central uplift) as well as the composition of the target rock. Osinski et al.
(2013) identified six major locations within impact structures where they may develop
that coincide with proximity to a source of heat and host rock porosity and permeability
(Fig. 1.2). Due to the retrograde nature of alteration in craters, the minerals commonly
used for age-dating techniques are altered (e.g. potassium feldspar, used for Ar-Ar) and
unsuitable for attaining accurate results and so the timing of hydrothermal alteration is
not well understood. Models suggest larger impact structures with thick, coherent melt
sheets, such as Sudbury in Canada (~180 km diameter), may have hosted hydrothermal
activity for millions of years (Ames et al., 1998; Abramov and Kring, 2004).
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Figure 1.2: Simplified schematic cross section through a complex impact crater
showing the locations most likely to develop and host hydrothermal environments
(Osinski et al., 2013).

The fluid reservoirs fueling hydrothermal circulation in impact structures usually
reflect local, readily available sources mixed with basinal brines (e.g. seawater for marine
impacts, meteoric water for continental) (Naumov, 2005; Osinski et al., 2013). The fluid
chemistry evolves over the course of the system’s lifetime; in a crater with a
predominantly meteoric source for example, earlier stages are often characterized by Siundersaturated, low-pH waters that result in moderate to advanced H+ metasomatism
(Naumov, 2005; Pirajno, 2009; Osinski et al., 2013) and progresses to near-neutral,
alkaline conditions later as the fluids interact with host rocks. In seawater or basinal
brine-dominated systems, however, these fluids may be near-neutral or alkaline and
saline initially and contain high concentrations of magnesium, calcium and/or sulphate,
which could affect the fluid’s ability to react with host rocks and therefore the minerals
that form subsequently.
Peak temperatures in these systems may reach up to ~400 °C for a very short
period of time in the earliest stages of cooling, as evidenced by the discovery of high
temperature mineral phases such as garnet in some impact structures (McCarville and
Crossey, 1996; Naumov, 2005; Osinski et al., 2013; Kring et al., 2020); most alteration,
however, persists well below ~300 °C. The initial stages of cooling are characterized by a
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vapour-dominated, hydrothermal environment that gradually progresses towards liquiddominated alteration as temperatures fall below ~100 °C. The types of alteration vary
based on the size of the crater, as well as the target rock composition and fluid source. In
smaller, simple craters (<4-5 km diameter) there is no central uplift and a negligible
amount of impact melt to provide a heat source, and hydrothermal circulation is not as
easily established as within larger complex and multi-ring structures (Naumov, 2005;
Osinski et al., 2013). The most common secondary mineral assemblages recorded in
terrestrial craters are alkali feldspars, zeolites, phyllosilicates, sulphides, sulphates,
carbonates and various oxides; many of these assemblages can also form as a result of
ambient weathering and diagenesis and so, linking them directly to impact hydrothermal
processes can be challenging (Pirajno, 2009). Additionally, because of the retrograde
nature of these systems higher temperature mineral assemblages may be overprinted by
later stage alteration (Naumov, 2005; Osinski et al., 2013).
In their review of impact-generated hydrothermal systems, Osinski et al., (2013)
noted that relatively few impact-generated hydrothermal systems have been studied in
detail. A few exceptions include the 26-km diameter Ries impact structure, Germany
(Osinski et al., 2005a; Sapers et al., 2017) the Popigai, Puchezh-Katunki and Kara impact
structures, Russia (Naumov et al., 2002), the 35-km diameter Manson impact structure,
United States (McCarville and Crossey, 1996) and the 23-km diameter Haughton impact
structure, Canada (Osinski et al., 2005b; Izawa et al., 2011). Impact-generated
hydrothermal alteration is a well-documented feature at these sites, and some (i.e. the
Ries and Haughton structures) show evidence for microbial colonization as a direct result
of this activity (Parnell et al., 2010; Sapers et al., 2014a; Osinski et al., 2020a). These
studies suggest that the primary heat sources fueling impact-generated hydrothermal
systems are impact melt rocks and melt-bearing breccias and, in larger craters, the central
uplift and elevated geothermal gradient, such as present in the 200-km diameter Sudbury
impact structure in Canada (Abramov and Kring, 2004; Campos-Alvarez et al., 2010;
Osinski et al., 2018, 2013). Estimates for the longevity of these hydrothermal systems in
small to mid-size craters are poorly constrained, although radiometric dating results
suggest that medium-sized impact craters ~20–50 km in diameter can host hydrothermal
activity lasting >1 million years locally (as exemplified by the ~23 km-diameter
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Lappajärvi impact structure, Finland; Schmieder and Jourdan, 2013). For craters in the
200-km range, both geochronologic observations and modeling suggest lifetimes of ~1–2
million years (Ames et al., 1998; Abramov and Kring, 2004), with some preliminary
studies on Chicxulub suggesting up to 6 million years (Pickersgill et al., 2019). To date,
relatively few impact-generated hydrothermal systems have been investigated in detail
through drill core. Additionally, impact craters on Earth are commonly poorly preserved,
inaccessible or overprinted by later stage alteration and tectonism. Hence, the threedimensional workings of these systems generally remain the subject of speculation and
most current numerical models of these processes lack petrologic, geochemical, and
geochronologic validation.

1.3.2

Impact-generated hydrothermal systems as a potential
source for hydrated phases on Mars
The discovery of water on Mars is arguably the most important factor driving

past, present and future exploration missions. Our understanding of the development and
sustainability of biological processes is dependent on water, and the relatively mild
conditions and proximity of Mars in comparison to other planets in our Solar System
makes it an attractive target for future human exploration. The most common method for
measuring Mars’ geochemical composition is through remote sensing satellites (e.g. the
Compact Reconnaissance Imaging Spectrometer for Mars [CRISM] on the Mars
Reconnaissance Orbiter [MRO]) and, on a much smaller scale, ground-based landers and
rovers (e.g. Phoenix and Curiosity) (Ehlmann et al., 2013; Ehlmann and Edwards, 2014;
Michalski et al., 2015; Bristow et al., 2018). Unfortunately, much of the planet is
obscured by a blanket of <5 µm, Fe3+-rich dust that often hinders high fidelity
mineralogical and geochemical measurements, and imaging of surface features.
Martian geology is divided into three main epochs: the Noachian (earliest, >3.7
Ga), the Hesperian (3.7 to 3.1 Ga) and the Amazonian (most recent, <3.1 Ga). The
aqueous history of Mars is primarily derived from clay mineral-rich, heavily cratered
ancient Noachian terrains in the southern highlands and clay mineral, carbonate, sulfate
and chloride-rich fluvio-deltaic deposits in the Noachian-Hesperian age equatorial region
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(Ehlmann et al., 2013; Ehlmann and Edwards, 2014; Michalski et al., 2015); the youngest
Amazonian epoch records a much drier period but localized sulfate and opaline silica
deposits exist that are interpreted as products of shallow ground and surface water
processes. Phyllosilicates are the most common hydrated mineral group found on Mars,
but other assemblages that are either hydrous or indicate water was present are found as
well, such as zeolites, sulphates, chlorides, hydrated silica and carbonates (Ehlmann and
Edwards, 2014; Turner et al., 2016).
Phyllosilicates, and specifically clay minerals, are ubiquitous throughout ancient
Noachian-Hesperian terrain and fluvio-deltaic sediments and can be generally subdivided
into three main types of deposits: (1) in place stratigraphies of multiple clay-bearing
units; (2) central peaks, walls and ejecta of craters; and (3) units in sedimentary basins
that contain clays (Fig. 1.3) (Schwenzer et al., 2012; Tornabene et al., 2013; Ehlmann and
Edwards, 2014). Fe-Mg smectites, nontronite and saponite, are common in altered
basaltic crust, together with lesser amounts of chlorite and illite. In layered terrains these
mafic clay minerals are commonly overlain by more aluminous clays, interpreted as
kaolinite, beidellite and montmorillonite; this layering of Fe-Mg clays capped by Al-clays
is common and thought to represent more enhanced acid leaching at some point later in
Mars’ history that affected the upper crustal units (Ehlmann et al., 2013; Ehlmann and
Edwards, 2014; Bristow et al., 2018). The heavily cratered ancient Noachian terrain is
rich in phyllosilicates; an impact-generated hydrothermal origin for these has been
proposed at a few sites but discerning pre-impact excavation (i.e. clays exhumed by
impact processes) versus impact-hydrothermal can be difficult (Marzo et al., 2010;
Ehlmann et al., 2013; Ehlmann and Edwards 2014). Many phyllosilicates and zeolites
found within craters are concentrated in the ejecta, crater walls and central peaks, and
suggest higher temperatures were initially present in the pre-impact subsurface instead of
post-impact. Many of these minerals, however, can form at low temperature ambient
conditions and do not necessarily indicate a high temperature provenance. Very few
craters contain convincing evidence for impact-hydrothermal processes; a few of these
are Toro crater (Marzo et al., 2010), two unnamed craters in the Ismenius Lacus and
Elysium quadrangles (Turner et al., 2016) and Stokes crater (Turner et al., 2016). These
structures show a concentration of phyllosilicates (chlorite + smectites) and zeolites
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within and around the central uplift region, as well as degassing ‘mounds’ on the surface.
However, interpretation of the evidence presented in these studies is still debatable and
could be attributed to pre-impact or low-temperature diagenetic processes.

Figure 1.3: Examples of Mars's aqueous environments as seen by HiRISE and
CRISM false color IR images (Ehlmann and Edwards, 2014): (a) Rocks in the Nili
Fossae trough that contain low-calcium pyroxene breccia blocks (green) partially
altered to Fe-Mg smectite; (b) Eroded stratigraphy in Nili Fossae with Mg
carbonates (green) that formed from the alteration of an olivine-rich unit, overlying
a smectite-rich unit, as well as olivine-rich sand dunes; (c) Al-rich clays overlying
nontronite-bearing sediments at Mawrth Vallis, thought to be formed from topdown leaching; (d) Prhenite, chlorite and illite associated with ejecta of small craters
near Syrtis Major, thought to indicate the excavation of hydrothermally altered
materials; (e) Clay-bearing sedimentary beds in the Holden crater fan deposit; and
(f) Halides overlying older clay-bearing knobs in a shallow depression (Ehlmann
and Edwards, 2014).
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1.4 The Chicxulub impact structure
The ~180-km, ~66 Ma Chicxulub impact structure located in the northern Yucatán
peninsula and southern Gulf of Mexico is the best preserved, large impact crater on Earth
with a definitive peak-ring (S. Gulick et al., 2017a; Kring et al., 2004; Renne et al.,
2013). Chicxulub has been drilled extensively in the past, initially by Petróleos
Mexicanos (PEMEX), and later by National Autonomous University of Mexico (UNAM)
and the International Continental Drilling Program (ICDP) (Fig. 1.4) (Hildebrand et al.,
1991; Sharpton et al., 1996; Kring et al., 2004; Ames et al., 2004; Urrutia-Fucugauchi et
al., 2004; Morgan et al., 2016; Gulick et al., 2017a). Chicxulub has been the subject of
numerous studies since it’s discovery in the late 1970’s, though its impact origin was not
confirmed and widely accepted until the early 1990’s (Hildebrand et al. 1991).
The Chicxulub event has been proposed, and is widely accepted, as the leading
cause of the end-Cretaceous global mass extinction (Hildebrand et al., 1991; UrrutiaFucugauchi et al., 2004; Kring, 2007). The exact cause of this extinction has been debated
but is thought to be due to the production of greenhouse gases, dust and sulfate aerosols by
the impact that resulted in dramatic local, regional, short- and long-term climate changes
(Brugger et al., 2017). Climate models suggest global temperatures decreased by ~26 °C
for at least 30 years, with some years even reaching below freezing (Brugger et al., 2017).
However, despite these deleterious consequences recent work on Chicxulub indicates that
life recovered relatively quickly, within 30,000 years after the event (Lowery et al., 2018)
and the impact generated a widespread hydrothermal system within the crater that could
have lasted for millions of years (Ames et al., 2004; Abramov and Kring, 2004; Pickersgill
et al., 2019; Kring et al., 2020). This discovery is consistent with a role for large meteorite
impacts in providing an ephemeral, exogenic source of heat to otherwise geologically
“dead”, water-bearing planets and satellites, thus creating conditions favorable for life
(Naumov, 2005; Osinski et al., 2013; Osinski et al., 2020a).
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Figure 1.4: Regional setting of the Chicxulub impact structure and site M0077A
(Expedition 364, this study), and previous drilling campaigns for reference (Gulick et
al., 2017a); these are shown with geophysical survey data overlain on the gravity field
within and surrounding the crater. Also shown is the northern Yucatán peninsula
coastline (white line), cenotes (small black dots), and marine seismic profiles acquired
in 1996 and 2005 (black dashed and solid lines, respectively).

1.4.1

Chicxulub regional setting and target rocks
The Chicxulub target rocks are composed of Upper and Lower Cretaceous age

alternating units of carbonates and sulfate rocks overlying Paleozoic basement comprised
of crystalline granitoids, gneiss, schist and quartzite intercalated with diabase and preimpact breccia dikes, though not all Chicxulub cores have recovered this material during
drilling (Figs. 1.5-1.6) (Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; Gulick et al.,
2017a). The Mesozoic sedimentary units vary in thickness regionally, initially thought to
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be 2-3 km thick at the time of the impact (Claeys et a., 2003) (Figs. 1.5-1.6) and are
believed to be the principal reason Chicxulub was so devastating to ancient life; models
estimate that when impacted these sedimentary rocks released ~325 Gt of sulfur and ~425
Gt of CO2 into the atmosphere (Artemieva et al., 2017). The target rocks are overlain by
a sequence of impact breccias and melt rocks that varies in thickness across the structure
(Fig. 1.6) and shortly after the impact these were rapidly buried by Cenozoic sediments,
which led to the exceptional preservation of the structure.

Figure 1.5: Map showing the location of onshore drill holes from the UNAM
scientific drilling program (U1-U8), the ICDP (Yax-1) borehole, and PEMEX
drilling locations, overlain on a simplified modern geologic map of the State of
Yucatán, Mexico (Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; Gulick et al.,
2017a).
One of the most striking regional features of Chicxulub is the high density of
karstic sinkholes, or cenotes, that form a circular shape along the outer rim of the
structure. This underground network of freshwater-fed caves is developed in Tertiary
limestones and mark zones of high porosity, permeability and water flow. It’s unclear
why or how these developed directly overlying the earlier, underlying rim structure but
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some possible explanations are: (1) they result from rim faults that were reactivated by
later, post-impact sediment loading within the basin; (2) a reef complex developed along
the outer rim of the structure in the shallow sea that was subsequently buried and contains
high porosity and permeability; or (3) there is a relatively impermeable layer buried
within the ring that acts as an aquitard, resulting in more shallow ground dissolution
relative to the surrounding material (Perry et al., 1995; Bauer-Gottwein et al., 2011). The
hydrogeology of the region of the northern Yucatán is affected as a result, as can be seen
by groundwater flow maps in Fig. 1.7.

Figure 1.6: Lithostratigraphic columns from the PEMEX and Yaxcopoil-1 drill
cores, also showing the relative location of site M0077A, ~45 km from the crater
center (Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; Gulick et al., 2017a).
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Figure 1.7: Groundwater streamlines based on a modified groundwater model of the
Yucatán peninsula, Mexico. Grey shading indicates relative topographic elevation
with white being the highest elevation (Bauer-Gottwein et al., 2011). The Chicxulub
impact had a profound effect on the regional hydrogeology, seen here in the
concentric flow lines around the outer crater rim (circular feature, northern part of
the peninsula).

1.4.2

Geology of the Chicxulub peak-ring

The Chicxulub impact structure is buried beneath several hundred meters of postimpact sediments and sedimentary rocks on and offshore in the Gulf of Mexico, and so
obtaining geological samples for study can only be achieved through drilling and coring.
Although Chicxulub has been drilled extensively for both industry (e.g. the S-1, C-1 and
Y6 wells) and academic (i.e. the U-1, Yax-1, M0077A wells) purposes (Fig. 1.6) many of
these cores are currently unavailable for study or the campaigns did not recover sufficient
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material suitable for geological study; for example, the Y6 core only recovered 1 meter of
sample for every 100 meters depth, and the majority of that has been lost (Kring et al.,
2004). The most recent studies have been conducted on material from the Yaxcopoil-1
core collected onshore in 2003 by an ICDP-lead campaign that sampled the annular
trough region (Kring et al., 2004; Urrutia-Fucugauchi et al., 2004), and the joint IODP–
ICDP Expedition 364 at site M0077A (21.45° N, 89.95° W) that sampled the peak-ring
structure in 2016 (Fig. 1.8) (Morgan et al., 2016; Gulick et al., 2017a). Both of these
campaigns retrieved continuous cores and provide the most complete record of the
impactite sequence in Chicxulub; in particular, the most recent expedition to the peakring recovered ~830 meters of material that is currently easily accessible to the scientific
community.
Initial examination revealed that the peak-ring comprises three main lithological
units (from the base upwards): crystalline basement granitoid rocks (Unit 4); a thin layer
of impact melt rocks (Units 3A-B); and melt-bearing breccias (Units 2A–C) (Fig. 9)
(Tables 1.1, 1.2) (Gulick et al., 2017a, b). The M0077A core also recovered ~112 m of
post-impact sedimentary rocks (Unit 1A-G) (Table 1.1) which are not considered part of
the peak-ring.
Unit 4 (lowermost) consists of ~587 meters of altered and fractured granitoid
basement intercalated with pre-impact diabase and felsic dikes, although current models
for peak-ring formation and geophysical observations predict pre-impact Mesozoic
sedimentary rocks underlie this unit (Gulick et al., 2017b; Christeson et al., 2018) (Figs.
1.8-1.10). Overlying the crystalline basement across the region is pre-impact Mesozoic
limestone, dolomite and evaporite rocks; this material was encountered in almost all
previous cores except M0077A (Gulick et al., 2017a), which can be explained by the
current models for peak-ring formation (Fig. 1.8) (Morgan et al., 2016).
Overlying Unit 4 is a 26-meter-thick layer of green and black, clast-poor impact
melt, Unit 3 (A-B) (Figs. 1.9-1.10) (Tables 1.1, 1.2) (Gulick et al., 2017a,b). This
material is intermediate in composition and locally contains clast-rich intervals and glass
fragments in an aphanitic, crystalline matrix. Lithic clasts range in size from <1 mm to ~1
cm and comprised partially of melted target rocks; 3A contains a mixture of sedimentary,
igneous and metamorphic clasts, while 3B contains mostly granitoid basement and little
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to no visible sedimentary clasts. Subunit 3A is characterized by carbonate and clay-rich
green schlieren (Fig. 1.10) in a dark grey crystalline melt matrix, while subunit 2B
contains little to none of this material and is more clast poor.
The thickest impact lithology in the peak-ring is Unit 2 (A-C), a melt-bearing,
polymict breccia. It contains, in varying proportions, and degrees of rounding and sorting,
a mixture of vesicular green, brown and yellow silicate glass, silicate melt and clasts of
crystalline and sedimentary target rocks at various stages of melting in a fine-grained
clastic, carbonate-rich matrix. This material forms the upper ~104 m of the peak-ring and
overall the entire unit has a fining-upwards trend. Subunit 2C is a relatively thin (~9 m)
layer of matrix-supported, very poorly sorted, impact breccia containing angular to subrounded clasts in a fine-grained matrix. In the lowest intervals of 2C close to the contact
with underlying Unit 3 melt rocks, the matrix is bright green and becomes more dark
brown in the upper intervals. Clasts of impact melt are abundant and range in size from a
few mm to >10 cm. Subunit 2B is a poorly sorted impact breccia that contains less
aphanitic impact melt than the underlying 2C (Table 1.1) (Gulick et a., 2017a,b), though
locally it contains some clasts larger than 10 cm in the lowest intervals. Core recovery for
subunit 2B was poor (~89 %) for some intervals (~689 to 706 mbsf) that were highly
altered, where locally the porosity increases from ~20 to 40 % and the breccias become
more clast supported, altered and friable (Figs. 1.9-1.10) (Gulick et al., 2017a, b;
Christeson et al., 2018). Generally, the clasts become more fine-grained and well-sorted
in the shallower intervals of 2B. The uppermost impact subunit 2A is a matrix-supported
impact breccia that contains multiple fining-upwards sedimentary features, is poorly
sorted in the lowest intervals and gradually becomes more well-sorted and fine-grained
approaching the K-Pg boundary. Subunit 2A also contains subvertical “pipe” features
with high porosity, interpreted as potential degassing pipes. All of Unit 2 has been
affected by post-impact hydrothermal alteration.
The entire structure is buried by ~600 to 800 m of post-impact Tertiary and
Quaternary sediments, limestones, evaporites and mudstones. In the M0077A peak-ring
core, approaching the K-Pg boundary the post-impact sedimentary units that normally
contain high levels of organic carbon become increasingly depleted within the lowermost
20 m, and the boundary itself is marked by an enrichment in Ni and Cr, and a change in
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composition from carbonate to silicate-rich lithologies of the upper peak-ring (Fig. 1.11)
(Gulick et al., 2017a, b).

Figure 1.8: Simplified cross-section through a portion of Chicxulub based on seismic
profile Chicx-R3 showing the location of the peak-ring and site M0077A relative to
the underlying Mesozoic sedimentary and Paleozoic crystalline basement (Morgan
et al., 2016).
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Figure 1.9: Simplified stratigraphic column (a, b) and physical properties (c-e) of
the Chicxulub peak-ring core collected during the joint IODP-ICDP Expedition 364
at site M0077A (Morgan et al., 2016; Gulick et al., 2017a, b; Christeson et al., 2018).
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Figure 1.10: Images of core sections from the Chicxulub peak-ring core, site
M0077A (Gulick et al., 2017a): (a) Subunit 2A melt-bearing impact breccia, core
42R-1, 10-50 cm; (b) Unit 2B melt-bearing impact breccia, core 57R-3, 10-50 cm; (c)
Unit 2B melt-bearing impact breccia, core 72R-2, 10-50 cm; (d) Unit 2C impact
melt-bearing breccia, core 83R-1, 20-60 cm; (e) Unit 3A impact melt, core 88R-1, 4080 cm; (f) Unit 4, showing a granitoid block and impact melt, core 98R-3, 10-50 cm.

Table 1.1: Lithostratigraphic unit contact descriptions for the Chicxulub peak-ring
core, site M0077A (Gulick et al., 2017a).
Unit

Top depth

Bottom depth

Thickness

Top boundary definition

(mbsf)

(mbsf)

(m)

1A

505.7

530.18

24.48

Top of core

1B

530.18

537.8

7.62

Sharp erosional contact that truncates
underlying thin grainstone

1C

537.8

559.75

21.95

Erosional contact that truncates
underlying dark marlstone/claystone

1D

559.75

580.89

21.14

Gradational contact designated as the
last dark millimeter-scale
marlstone/limestone

1E

580.89

607.27

26.38

Change to bluish-colored marlstones
at the top

1F

607.27

616.58

9.31

Top of a prominent carbonatecemented surface

1G

616.58

617.33

0.75

Contact between light green
claystone and underlying brown
siltstone

2A

617.33

664.52

47.19

Sharp stylolitized contact at top of
suevite

2B

664.52

712.84

48.32

Erosional contact at Section 55R-3,
6-16 cm
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2C

712.84

721.61

8.77

Gradational change from mid-brown
suevite matrix with subangular to
subrounded clasts to dark-brown
suevite matrix with angular to
subangular clasts

3A

721.61

737.56

15.95

First occurrence of massive black
melt rock with green schlieren

3B

737.56

747.02

9.46

Last occurrence of massive black
melt rock with green schlieren

4

747.02

1334.69

587.67

First occurrence of granitoid larger
than 1 m

Table 1.2: Overview of peak-ring impact lithologies and their average physical
properties (modified from Gulick et al., 2017a, b; Christeson et al., 2018)
Subunit

Depth (mbsf)

Porosity (%)

Description
•

Sub-mm to 2 cm clasts of devitrified
impact glass, melt, minerals and
granitoid + sedimentary target
lithologies in fine- grained, micritic
groundmass.

•

664.52 to
2A

617.33

35 ± 2

Characterized by several finingupwards sequences.

•

Clast and groundmass composition
similar to 2A; size ranges from 2 to 10
cm; rarely >10 cm.

•

Highly porous zone, up to 40%,
between 689 – 706 mbsf where

712.84 to
2B

664.52

groundmass becomes clay-rich and
29 ± 7

friable.
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•

Single fining-upwards sequence
lacking sedimentary features common
to 2A.

•

2 mm to >10 cm; very poorly sorted;
characterized by change in color from
dark brown to bright green-blue.

•

721.60 to
2C

712.84

20 ± 4

Groundmass becomes more carbonate
and clay mineral-rich.

•

Aphanitic, andesitic crystalline impact
melt that is generally clast-poor but
contains local clast-rich intervals
comprising igneous, metamorphic and
sedimentary target rocks ranging in
size from <1 mm to ~1 cm.

•
737.56 to
3A

721.60

Contains carbonate and clay-rich green
schlieren in a dark grey crystalline

19 ± 3

melt matrix.
•

Aphanitic, clast-poor crystalline
impact melt with little to no green,
carbonate-clay-rich schlieren common
to 3A.

•
747.02 to
3B

737.56

basement with little to no visible
22 ± 4

sedimentary clasts.
•

4

Clasts comprised mostly of granitoid

1336.69 to

10 ± 3 to 19

747.02

±6

Altered, fractured Paleozoic granitoid
basement intercalated with pre and
post-impact diabase and breccia dikes.
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Figure 1.11: Photograph of core 40R-1 (97-130 cm) from site M0077A (Gulick et al.,
2017a). The K-Pg boundary is at 109.4 cm (red arrow) and is defined by an
enrichment in Ni and Cr, and an abrupt change from carbonate sedimentary rocks
to silicate-rich impact lithologies.

1.4.3

Impact-generated hydrothermal alteration in Chicxulub

Impact-generated hydrothermal alteration has been well-documented within the
Chicxulub impact structure in the Yucatán-6 and Yaxcopoil-1 cores located within the
central and annular trough regions, respectively (Ames et al., 2004; Urrutia-Fucugauchi
et al., 2004; Zürcher and Kring, 2004, 2005). Previous work on the Yaxcopoil-1 core
suggest that the hydrothermal regime at Chicxulub was initially hot (>300 °C) and
dominated by alkali metasomatism (K-feldspar, albite), followed by argillic alteration
(Mg-saponite, K-montmorillonite, celadonite) and later stage carbonates and oxides.
Zürcher et al. (2004) also noted the most intense alteration occurred in a high
permeability zone ~30 m above the melt unit. These studies both concluded that the
higher temperatures indicated by the secondary mineral assemblages could not have been
sustained by the relatively thin layer of impact melt in the Yaxcopoil-1 core, and this heat
was likely sourced from elsewhere in the structure with a thicker impact melt sequence
(e.g. closer to the center of the crater) (Ames et al., 2004; Zürcher and Kring, 2004).
Isotopic, trace element and fluid inclusion studies on the Yaxcopoil-1 core indicate that
the fluid source circulating with the annular trough region was predominantly modified
seawater and basinal brines derived from the underlying Mesozoic sedimentary target
rocks (Ames et al., 2004; Zürcher and Kring, 2005).
The first results from the site M0077A core show that all peak-ring units have
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been affected by hydrothermal alteration, with the most diverse and pervasive
assemblages present in Units 2 and 3 (Gulick et al., 2017a, b; Kring et al., 2020). The
most common secondary minerals are zeolites, alkali feldspars, carbonates and clays,
similar to those preserved in the Yaxcopoil-1 core; preliminary work in 2017 also noted
secondary garnets within Unit 3 melt rocks that suggests higher hydrothermal
temperatures (~350 °C) persisted, at least temporarily, in the early stages of cooling
(Kring et al., 2017; 2020). While the types of alteration remain relatively consistent
through the upper peak-ring, the intensity and habit appears to change significantly with
depth through the core; for example, Christeson et al. (2018) drew attention to a highly
altered, friable interval in the middle-lower intervals of Unit 2B where the host rock
porosity also increases from ~20 to 40%, a feature also present in the Yaxcopoil-1 core
(Zürcher and Kring, 2004). Initial lithologic characterization noted potential degassing
pipes; in these zones of high porosity, the breccia matrix consists almost entirely of
secondary carbonates and zeolites, as well as pervasive clay minerals. However, many of
these mineralogies (e.g. carbonates, clays) can form across a range of temperatures and so
their origin as hydrothermal or diagenetic remains inconclusive.

1.5 Clay mineralogy and stable isotope geochemistry
Clay minerals are aluminous phyllosilicates with a very small (<2 μm) particle
size that form ubiquitously in hydrous environments on Earth, Mars and other waterbearing, terrestrial planets and satellites in our Solar System (Brindley and Brown, 1980;
Pirajno, 2009; Ehlmann et al., 2013; Ehlmann and Edwards, 2014). Clay minerals are a
significant constituent of soils, sediments, sedimentary rocks and metamorphosed
sedimentary rocks and form under a wide range of conditions, commonly as a secondary
product of weathering, diagenesis or hydrothermal alteration of other minerals.
Additionally, 2:1 clays with high surface to volume ratios (i.e. the smectite group) can act
as foundations for the synthesis of prebiotic organic materials (Brindley and Brown,
1980; Cockell et al., 2006) and for these reasons they are of high interest within the
planetary science community. Planetary surfaces rich in phyllosilicates (e.g. Mars),
especially, are prime targets for current and future exploration landing sites as they

31

indicate previously or presently hydrous environments (Brindley and Brown, 1980;
Ehlmann et al., 2014; Bristow et al., 2018). For example, the forthcoming Mars 2020 and
ExoMars 2022 mission landing sites were chosen, in part, due to their abundance of
clays.
Clay minerals are a large, complex and diverse sub-group of the phyllosilicates.
Generally, their most fundamental crystalline structure can be broken down into sheets of
silica tetrahedra (SiO4) that form a tetrahedral, or “T”, sheet alternating with sheets of
octahedrally coordinated metal-OH cations (e.g. Mg2+, Fe3+, Al3+), or “O” sheet. The
tetrahedral and octahedral sheets combine vertically in different patterns to form various
types of layers, including T-O (1:1 clays), T-O-T (2:1 clays) and T-O-T-O (2:1:1 clays)
(Brindley and Brown, 1980). These structures have a finite thickness, commonly
measured from the base of the lowermost tetrahedral sheet to the next repeated stack,
which can be measured using X-ray diffraction (XRD). This distance defines the basal
diffraction or d(001). In 2:1 clays there is interlayer space between each T-O-T stack that
can be filled with water, organic molecules, other cations, another full octahedral sheet
and / or other incomplete fillings of more exotic mineraloid-like materials that are
commonly referred to as hydroxy interlayers. Each of the elements in these sheet layers
are susceptible to substitution in natural environments (e.g. Al3+ for Si4+ or Mg2+ for Fe3+)
and as these substitutions accumulate, neutralization of the overall electrical charge on a
clay mineral can lead to complete (or incomplete) transformations into a new clay
mineral. Different varieties of T-O, T-O-T and /or T-O-T-O clay minerals are also
commonly interlayered (e.g. smectite-chlorite-smectite), and so it can be challenging to
properly identify their mineralogy (Brindley and Brown, 1980). Many techniques for
XRD identification in a controlled environment have been developed that include step
heating, dehydration, hydration and/or chemical saturation; these treatments usually lead
to predictable and measurable behaviors that help us identify their mineralogy (Brindley
and Brown, 1980).
Clay minerals serve as excellent proxies for studying water-rock interaction in
geologic environments due to their ability to preserve isotopic information on
temperature and fluid sources. All clays contain both hydrogen and oxygen in their
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crystalline structure (Fig. 1.12) and measuring the isotopic ratios of these elements
provides a powerful tool for uncovering clues to the conditions of clay mineral formation.

Figure 1.12: Simplified schematic diagram showing the crystalline structure of a 2:1
swelling clay, smectite. (Bailey et al., 2015).

1.5.1

δ2H and δ18O isotope geochemistry
Isotopes of a given element have the same number of protons and electrons but a

different number of neutrons within their nucleus which leads to differences in their mass
and therefore predictable changes in their physical and chemical properties (Hoefs,
2009). These behavioral changes result in an isotopic signature that allow us to estimate,
for example, the formation temperature of a calcite that precipitated from seawater or
help us determine whether a pyrite formed via biogenic or abiogenic sulphate reduction.
Isotopes may be either radioactive or stable; stable isotopes are expressed as the ratio of
the heavy to light isotope (R) relative to an internationally accepted standard using the
delta (δ) notation in parts per thousand, or per mil (‰) (Eq. 1.1). A negative δ value
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indicates the sample is depleted of the heavier isotope relative to the standard, and a
positive value indicates it is enriched in the heavy isotope relative to the standard. The
most common light stable isotope ratios used for inorganic, terrestrial geologic samples
are hydrogen (2H/1H) (also expressed as D/H), carbon (13C/12C), oxygen (18O/16O) and
sulfur (34S/32S).

(Equation 1.1)

(Equation 1.2)

δ (‰) = ([Rsample/Rstandard]-1)
αa-b = Ra/Rb

The transfer and distribution of stable isotopes amongst different natural materials
is a process called fractionation and can occur under equilibrium or non-equilibrium (also
called kinetic) conditions. Equilibrium fractionation occurs in reversible reactions and is
mass dependent (i.e. the heavier isotopes are typically concentrated in the phase with
stronger bonds, and the lighter isotope in the more weakly bonded phase). Nonequilibrium fractionation depends primarily on the reaction rates of the isotopic
molecules and is commonly associated with irreversible chemical reactions and
biological processes (Hoefs, 2009). Equilibrium fractionation reactions are most
commonly used in inorganic geologic systems as they are temperature-dependent.
Fractionations are expressed using the fractionation factor, or alpha (α) (Eq. 1.2) where
Ra is the isotopic ratio of phase a (e.g. water) and Rb is the isotopic ratio of phase b (e.g.
calcite). At equilibrium, higher temperatures typically result in a smaller fractionation
factor between two phases and conversely, lower temperatures result in a larger
fractionation factor. For two compounds a and b (e.g. mineral-water), δ values and α
(fractionation factor) are related by Equation 1.3 (Hoefs, 2009).

(Equation 1.3)

δa- δb = Δa-b ≈ 1000lnαa-b

Oxygen is the most abundant element in Earth’s crust and is found in many solid,
liquid and gaseous natural materials, and therefore one of the most common elements
used for stable isotopic analysis of geologic samples (Hoefs, 2009). Oxygen has three
naturally occurring stable isotopes on Earth: 16O (99.767% abundance), 17O (0.038%
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abundance) and 18O (0.205% abundance). Oxygen is measured against two
internationally accepted standards: Vienna Standard Mean Ocean Water (VSMOW), the
most commonly used, and Vienna PDB (VPDB), which replaced a physical standard
derived from the Pee Dee Formation belemnite (PDB). Spatial and temporal oxygen
isotope variability in Earth’s meteoric water reservoirs is linked to processes that occur in
the hydrologic cycle, and although global trends can be observed the oxygen isotope
signature of precipitation or ocean water can be variable on a local scale. Generally,
water vapour becomes enriched in 16O as it travels to colder, polar regions due to rain-out
and temperature effects and conversely, warmer equatorial latitudes tend to have more
18

O-enriched precipitation (Fig. 1.13).

Figure 1.13: Weighted annual oxygen isotope variability in global precipitation from
1966 to 1999 (IAEA, 2001).
Oxygen is a constituent in almost all geologic environments (Fig. 1.14) and its
isotopic analysis is a powerful tool used to study water-rock interactions. A very general
rule for oxygen isotope behavior in mineral-mineral and mineral-water systems is that the
heavier isotope (18O) fractionates into the phase with a stronger chemical bond within the
crystalline structure and has a similar isotopic behavior regardless of the phase in which
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the bond is located (e.g. calcite vs quartz). Isotopic fractionation factors between minerals
and water are widely used to estimate formation conditions in low temperature
environments. A common problem, however, in using only oxygen isotope measurements
to determine paleoenvironmental conditions is that commonly only one variable in a three
variable system is known. The ensuing assumptions that must be made limit the accuracy
of interpretation. For example, if only the oxygen isotope composition of a dolomite is
known, either the temperature of formation or isotopic composition of the fluid from
which the dolomite precipitated must be estimated in order to calculate the other variable.

Figure 1.14: Oxygen isotope ratios for some geologically important reservoirs on
Earth (Hoefs, 2009).
Hydrogen has two stable isotopes, 1H (protium; 99.9885% Earth abundance) and
2

H (0.0115% Earth abundance), and a radioactive isotope 3H (half-life of 12.5 years).

Hydrogen is abundant in terrestrial environments as water (H2O), methane (CH4),
hydronium (H3O), hydroxyl (OH-) and H2 (Hoefs, 2009). In mineralogy, hydrogen stable
isotopes are most commonly measured to determine the formation conditions of hydrated
phases such as phyllosilicates and zeolites, which contain OH- in their crystalline
structure and/or H2O in their pore and interlayer space. Hydrogen exhibits the largest
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variations in isotopic ratios of all elements on Earth due to the large mass difference
between its two stable isotopes (Hoefs, 2009) (Fig. 1.15).
In processes concerning the evaporation and condensation of water, hydrogen
isotopes fractionate in a similar way to oxygen and the lighter isotope will concentrate in
the phase with higher energy (e.g. vapour) and the heavier isotope conversely
concentrates in the lower energy phase (e.g. liquid). Hydrogen and oxygen isotope
distributions in meteoric waters across the globe can be correlated using the Global
Meteoric Water Line (GMWL) (Eq. 1.4) (Craig, 1961); however, meteoric waters vary
significantly on a small scale depending on factors such as temperature or elevation;
commonly, a Local Meteoric Water Line (LMWL) is more useful for comparison than
global trends.
(Equation 1.4)

δ2H = 8δ18O + 10

Figure 1.15: Hydrogen isotope ratios of some geologically important reservoirs on
Earth (Hoefs, 2009).
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1.5.2

δ2H and δ18O isotope systematics in clay minerals
The hydrogen and oxygen isotope geochemistry of clay minerals is a useful tool

for determining the paleoenvironmental conditions (e.g. water sources, temperatures)
across a variety of aqueous environments (e.g. soil weathering, hydrothermal systems) on
Earth. The stable isotopes systematics of clays are a bit different from other minerals due
to their crystalline structure, which contains oxygen within the tetrahedral sheet as SiO4,
and both oxygen and hydrogen as OH- (hydroxyl) within the octahedral sheet bound to
various metal cations (e.g. Mg2+, Fe3+). Relative to water, the hydroxyl groups within
clays concentrate the lighter isotope, 1H, instead of the heavier isotope (2H or D) due to
the weak hydrogen bonds; this results in a clay mineral-water fractionation factor (α) that
is less than one (Eq. 1.5; Sheppard and Gilg, 1996). Additionally, the metal cations that
comprise the octahedral sheet have different hydroxyl bond strengths (e.g. Mg2+ vs Fe3+
vs Al3+), which must also be taken into consideration when determining which
fractionation factor best suits a specific sample. The behavior of oxygen within the
tetrahedral sheets of clays is similar to other mineral systems (Eq. 1.6: Sheppard and
Gilg, 1996) and the heavier isotope (18O) tends to concentrate within the SiO4 tetrahedra;
however, oxygen within the octahedral hydroxyl groups will concentrate the lighter
isotope relative to the tetrahedral sheet.
(Equation 1.5)

For δ2H: at 15°C, αkaolinite-water = 0.9663

(Equation 1.6)

For δ18O: at 15°C, αkaolinite-water = 1.0268

When plotted in δ - δ space, clay mineral isotopes and the fluid reservoirs from
which the clay minerals formed can be compared using different fractionation factors and
temperatures (e.g., Figs. 1.16). Clay minerals that form from meteoric waters, for
example, will usually plot parallel to the GMWL or a LMWL (Figs. 1.16). As formation
temperature increases the clay-water fractionation factors decreases and the mineral δ2H
and δ18O approach that of the fluid more closely. Other general trends have been defined
and are commonly used to help determine whether a clay formed at higher, hydrothermal
conditions (supergene/hypogene line; Sheppard and Gilg, 1996) or lower temperatures
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more characteristic of weathering (weathering lines; Sheppard and Gilg, 1996) (Fig. 1.171.18).

Figure 1.16: δ2H and δ18O of various clay minerals and seawater (VSMOW) in δ - δ
space; also shown are the supergene/hypogene (S/H) and kaolinite weathering lines
(Sheppard and Gilg, 1996; Hoefs, 2009).
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Figure 1.17: δ2H and for the bulk silicate fraction of impact breccias in the
Yaxcopoil-1 core of the Chicxulub impact structure. Also shown are the
temperature fractionation trends for both chlorite and smectite, the kaolinite and
montmorillonite weathering lines, Gulf Coast brines and seawater (Zürcher and
Kring, 2005).

1.5.3

Applications to impact processes on Earth and Mars
The isotopic analysis of clay minerals in impact settings is a practical approach to

studying water-rock interaction in craters, but very few such terrestrial analogue
investigations have been pursued likely due to the poor preservation and inaccessibility of
many impact structures and the costly, time consuming methods required for clay
separation, characterization and isotopic analysis. One notable terrestrial study is Muttik
et al. (2010) who determined the isotopic composition of clay minerals in the Ries crater,
Germany, and interpreted their signature to indicate a primarily meteoric fluid source and
relatively warm temperatures typical for clay formation (16 to 112 °C). Muttik et al.
(2010) also claim to have identified two distinct alteration regimes that led to clay
formation: (1) higher temperature hydrothermal alteration that occurred deeper in the
crater fill suevites and (2) lower temperature weathering in the surficial suevites.
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Similarly, Zürcher and Kring (2005) analyzed the bulk silicate fraction separated from
impact breccias in the Chicxulub Yaxopoil-1 core that sampled the annular trough region
and determined a mixed seawater-basinal brine hydrothermal fluid source (Fig. 1.17). In
that study, however, the δ2H and δ18O signatures were obtained from a mixture of silicate
minerals, rather than clay mineral separates. Zürcher and Kring (2004) also noted
pervasive alteration of impact glass to Fe-Mg smectite, chlorite and an unidentified
‘amorphous’ phase within the Chicxulub impact breccias.
The importance of clay minerals and other hydrated phases as an indicator for
potentially habitable environments on other planets has been recognized but the processes
that lead to their formation, particularly with respect to impact hydrothermal systems,
remains poorly understood and are often misinterpreted. The discovery and exploration of
hydrated phases on Mars, for example, is significant and drives landing site selection for
present and future missions but we can only speculate how these clay-rich deposits
formed as these findings often lack significant geologic context. This emphasizes the
need for terrestrial analogue studies so that we can more accurately understand surface
features and the processes that lead to their formation on other planets and satellites in
our Solar System.

1.6 Thesis structure
Exploring the universe from Earth is an exciting and challenging endeavor. As we
continue to direct the next orbiters, rovers, and eventually humans, on other planets it is
important that these decisions are informed, accurate and honest. Impact craters are one
of the most common geologic features found on all solid bodies in our Solar System and
they are widely recognized as a potential hotspot for preserving water and evidence for
extraterrestrial life, if it ever existed on other planets. Unfortunately, we are currently
limited to Earth-based orbital and rover observations and our geologic interpretations of
other planetary surfaces will remain speculative at best until we are able to send humans.
This thesis presents a study focused on exploring impact-generated hydrothermal
systems as habitats for life by examining geologic samples from the Chicxulub impact
structure peak-ring and more specifically, challenges the origin of clay minerals within
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impact settings, a topic of intense debate that is directing current and future surface
exploration of Mars. An outline of this thesis is provided below:
Chapter 2 introduces the Chicxulub peak-ring lithologies and provides an
overview of the secondary alteration that is preserved within the melt-bearing impact
breccias. Our results show hydrothermal alteration was pervasive and the most common
mineral assemblages are alkali feldspars, zeolites, carbonates, Mg-Fe clay minerals and
lesser amounts of sulphides, sulphates, halides, Fe-Ti oxides and opal. Peak temperatures
within this unit could have reached ~350 °C, but several of these phases can also form at
lower diagenetic conditions, and so without additional geochemical constraints their
provenance is debatable. We also note clay minerals are especially ubiquitous, a feature
interpreted as a product of impact glass alteration. Overall, the assemblages preserved
here are comparable to what might be produced from hydrothermally altered basaltic
glass in a mid-ocean ridge environment. This chapter is a modified version of a paper
published recently in Earth and Planetary Science Letters (Simpson et al., 2020).
Chapter 3 focuses on thoroughly characterizing the clay mineralogy preserved
throughout the Chicxulub upper peak-ring using X-ray diffraction and visible nearinfrared (VIS-NIR) range spectroscopy and employs hydrogen and oxygen isotope
geochemistry to help determine the conditions that lead to clay formation. Our results
show the clay minerals are predominantly hydroxy-interlayered smectites; the upper
peak-ring units are characterized by a trioctahedral smectite (var. saponite) and as the
host rocks become more porous and permeable, the clay mineral phases gradually
become more dioctahedral (var. montmorillonite). The changes in clay mineralogy
correlate with the clay mineral δ18O data, which become 18O-enriched in the dioctahedral
intervals and 18O-depleted in trioctahedral intervals; we interpret these results to indicate
that prolonged, low temperature alteration affected the more porous subunits. Clay
mineral δ2H was relatively constant throughout the upper peak-ring and is consistent with
Gulf Coast brines overwhelmingly dominated by a meteoric water source. A version of
this chapter is being prepared for submission to Geochimica et Cosmochimica Acta.
Chapter 4 provides an overview of the alteration textures, geochemistry and
Raman signature of impact glasses preserved in the Chicxulub upper peak-ring. To date,
no pristine impact glass has been found. Instead, it has been altered to clay minerals and a
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texturally nondescript, nanocrystalline phase commonly referred to as palagonite, or
hydrated glass. This material is thought to be a precursor to clay minerals and its
crystalline structure (or lack thereof) remains poorly characterized. Impact glasses in the
Chicxulub peak-ring preserve immiscibility textures that indicate two initial end-member
melt compositions; one that was more Na-Si rich (felsic) and the other more Mg-Fe rich
(mafic). It is difficult to discern how much of the primary melt signature remains,
however, due to post-impact alteration. These glasses are geochemically, texturally and
spectrally very similar to those found in the Chicxulub Mimbral distal ejecta
“microtektites.”
Chapter 5 summarizes the conclusions reached in the previous chapters and
discusses their implications for interpreting the hydrothermal system that developed
within the Chicxulub peak-ring and the clay mineralogy preserved there, with attendant
implications for clay mineral formation on Mars.

1.7 References
Abramov, O., Kring, D., 2004. Numerical modeling of an impact-induced hydrothermal
system at the Sudbury crater. Journal of Geophysical Research, 109: 1-16.
https://doi.org/10.1029/2003JE002213

Ames, D.E., Watkinson, D.H., Parrish, R.R., 1998. Dating of a regional hydrothermal
system induced by the 1850 Ma Sudbury impact event. Geology 26, 447–450.
https://doi.org/10.1130/0091-7613(1998)026<0447:DOARHS>2.3.CO;2

Ames, D., Kjarsgaard, I., Pope, K., Dressler, B. and Pilkington, M., 2004. Secondary
alteration of the impactite and mineralization in the basal Tertiary sequence, Yaxcopoil-1,
Chicxulub impact crater, Mexico. Meteoritics & Planetary Science, 39, 1145-1167.
https://doi.org/10.1111/j.1945-5100.2004.tb01134.x

Artemieva, N., Morgan, J. and the Expedition 364 Science Party, 2017. Quantifying the
release of climate-active gases by large meteorite impacts with a case study of Chicxulub.

43

Geophysical Research Letters, 44, p. 10,108-10,188.
https://doi.org/10.1002/2017GL074879

Artemieva, N., Shuvalov, V. V., Khazins, V. M., 2019. Upper atmosphere effects after
the entry of small cosmis bodies: Dust trains, plumes and atmospheric disturbances.
Icarus, 327., p. 60-71. https://doi.org/10.1016/j.icarus.2019.02.023

Bailey, L., Lekkerkerker, H. N. W., Maitland, G. C., 2015. Smectite-clay inorganic
nanoparticle mixed suspensions: phase behaviour and rheology. Soft Matter, 11, 222-236.
https://doi.org/10.1039/c4sm01717j

Bauer-Gottwein, P., Gondwe, B. R. N., Charvet, G., Marín, L. E., Rebolledo-Vieyra, M.,
Merediz-Alonso, G., (2011). Review: The Yucatán Peninsula karst aquifer, Mexico.
Hydrogeology Journal, 19, p. 507-524. https://doi.org/10.1007/s10040-010-0699-5.

Belza, J., Goderis, S., Smit, J., Vanhaecke, F., Baert, K., Terryn, H., Claeys, P., 2015.
High spatial resolution geochemistry and textural characteristics of ‘microtektite’ glass
spherules in proximal Cretaceous–Paleogene sections: Insights into glass alteration
patterns and precursor melt lithologies, Geochimica et Cosmochimica Acta, 152, 1-38.
https://doi.org/10.1016/j.gca.2014.12.013

Brindley, G.W. and Brown, G. 1980. Crystal structures of clay minerals and their X-ray
identification. Mineralogical Society Monograph No. 5, Mineralogical Society, London,
495pp. https://doi.org/10.1180/mono-5

Bristow, T. F., Rampe, E. B., Achilles, C. N., Blake, D. F., Chipera, S. J., Craig, P.,
Crisp, J. A., Des Marais, D. J., Downs, R. T., Gellert, R., Grotzinger, J. P., Gupta, S.,
Hazen, R. M., Horgan, B., Hogancamp, J. V., Mangold, N., Mahaffy, P. R., McAdam, A.
C., Ming, D. W., Morookian, J. D., Morris, R. V., Shaunna, M. M., Treiman, A. H.,
Vaniman, D. T., Vasavada, A. R., Yen, A. S., 2018. Clay mineral diversity and

44

abundance in sedimentary rocks of Gale crater, Mars. Science Advances, 4; eaar3330.
https://doi.org/10.1126/sciadv.aar3330
Brugger, J., Feulner, G., Petri, S., (2016). Baby it’s cold outside: Climate model
simulations of the effects of the asteroid impact at the end of the Cretaceous. Geophysical
Research Letters, 44. 419-427. https://doi.org/10.1002/2016GL072241.

Campos-Alvarez, N.O., Samson, I.M., Fryer, B.J., Ames, D.E., 2010. Fluid sources and
hydrothermal architecture of the Sudbury Structure: Constraints from femtosecond LAMC-ICP-MS Sr isotopic analysis of hydrothermal epidote and calcite. Chemical Geology,
278, 131–150. https://doi.org/10.1016/j.chemgeo.2010.09.006

Carrozzo, F., Di Achille, G., Salese, F., Altieri, F. and Bellucci, G., 2017. Geology and
mineralogy of the Auki Crater, Tyrrhena Terra, Mars: A possible post impact-induced
hydrothermal system. Icarus, 281: 228-239. https://doi.org/10.1016/j.icarus.2016.09.001

Christeson, G.L., Gulick, S.P.S., Morgan, J. V., Gebhardt, C., Kring, D.A., Le Ber, E.,
Lofi, J., Nixon, C., Poelchau, M., Rae, A.S.P., Rebolledo-Vieyra, M., Riller, U., Schmitt,
D.R., Wittmann, A., Bralower, T.J., Chenot, E., Claeys, P., Cockell, C.S., Coolen, M.J.L.,
Ferrière, L., Green, S., Goto, K., Jones, H., Lowery, C.M., Mellett, C., Ocampo-Torres,
R., Perez-Cruz, L., Pickersgill, A.E., Rasmussen, C., Sato, H., Smit, J., Tikoo, S.M.,
Tomioka, N., Urrutia-Fucugauchi, J., Whalen, M.T., Xiao, L., Yamaguchi, K.E., (2018).
Extraordinary rocks from the peak ring of the Chicxulub impact crater: P-wave velocity,
density, and porosity measurements from IODP/ICDP Expedition 364. Earth and
Planetary Science Letters, 495, p. 1–11. https://doi.org/10.1016/j.epsl.2018.05.013.

Cockell, C.S., 2006. The origin and emergence of life under impact bombardment.
Philosophical Transactions of the Royal Society, Biological Sciences, 361, p. 1845–1856.
https://doi.org/10.1098/rstb.2006.1908

45

Crovisier, J. L., Advocat, T., Dussossoy, J. L., 2003. Nature and role of natural alteration
gels formed on the surface of ancient volcanic glasses (Natural analogs of waste
containment glasses), Journal of Nuclear Materials, 321, 91-109.
https://doi.org/10.1016/0016-7037(83)90260-0

Cuadros, J., Michalski, J., Dekov, V., Bishop, J., Fiore, S. and Dyar, M., 2013. Crystalchemistry of interstratified Mg/Fe-clay minerals from seafloor hydrothermal sites.
Chemical Geology, 360-361, 142-158. https://doi.org/10.1016/j.chemgeo.2013.10.016.

W.A. Deer, R.A. Howie, W.S. Wise and J. Zussman. Rock-Forming Minerals. Volume
4B. Second Edition. Framework Silicates: Silica Minerals, Feldspathoids and the
Zeolites. London (The Geological Society). 2004, xv 982 pp. ISBN 1-86239-144-0.

Ehlmann, B. L., Edwards, C. S., 2014. Mineralogy of the Martian Surface. Annual
Reviews of Earth and Planetary Sciences, 42, p. 291-315.
https://doi.org/10.1146/annurev-earth-060313-055024

Ehlmann, B. L., Berger, G., Mangold, N., Michalski, J. R., Catling, D. C., Ruff, S. W.,
Chassefière, E., Niles, P. B., Chevrier, V., Poulet, F., 2013. Geochemical consequences
of widespread clay mineral formation in Mars' ancient crust. Space Science Reviews, 174,
p. 329-364. https://doi.org/10.1007/s11214-012-9930-0

French B. M., 1998. Traces of Catastrophe: A Handbook of Shock-Metamorphic Effects
in Terrestrial Meteorite Impact Structures. LPI Contribution No. 954, Lunar and
Planetary Institute, Houston. 120 pp.

French, B. M., Koeberl, C., 2010, The convincing identification of terrestrial meteorite
impact structures: What works, what doesn't, and why. Earth Science Reviews, 98, 123170. https://doi.org/10.1016/j.earscirev.2009.10.009

46

Gulick, S, Morgan, J., Mellett, C., Green, S. L., Bralower, T., Chenot, E., Christeson, G.,
Claeys, P., Cockell, C., Coolen, M., Ferrière, L., Gebhardt, C., Goto, K., Jones, H., Kring,
D., Lofi, J., Lowery, C., Ocampo-Torres, R., Perez-Cruz, L., Pickersgill, A. E., Poelchau,
M., Rae, A., Rasmussen, C., Rebolledo-Vieyra, M., Riller, U., Sato, H., Smit, J., Tikoo,
S., Tomioka, N., Urrutia-Fucugauchi, J., Whalen, M., Wittmann, A., Yamaguchi, K.,
Xiao, L., Zylberman, W., 2017a. Expedition 364 summary. Proceedings of the
International Ocean Discovery Program, 364.
https://doi.org/10.14379/iodp.proc.364.101.2017

Gulick, S., Morgan, J., Mellett, C.L., Green, S.L., Bralower, T., Chenot, E., Christeson,
G., Claeys, P., Cockell, C., Coolen, M.J.L., Ferrière, L., Gebhardt, C., Goto, K., Jones,
H., Kring, D., Lofi, J., Lowery, C., Ocampo-Torres, R., Perez-Cruz, L., Pickersgill, A.E.,
Poelchau, M., Rae, A., Rasmussen, C., Rebolledo-Vieyra, M., Riller, U., Sato, H., Smit,
J., Tikoo, S., Tomioka, N., Urrutia-Fucugauchi, J., Whalen, M., Wittmann, A.,
Yamaguchi, K., Xiao, L., Zylberman, W., 2017b. Site M0077: Upper Peak Ring.
Proceedings of the International Ocean Discovery Program, Vol. 364.
https://doi.org/10.14379/iodp.proc.364.106.2017.

Grieve, R. A. F., and Masaitis, V. L., 1994, The Economic Potential of Terrestrial Impact
Craters, International Geology Review, Vol. 36, pp. 105-151.
https://doi.org/10.1080/00206819409465452

Hildebrand A. R., Penfield G., Kring D. A., Pilkington M., Camargo A., Jacobson S. B.,
and Boynton W. V., 1991. A possible Cretaceous-Tertiary boundary impact crater on the
Yucatán Peninsula, Mexico. Geology 19, 867–871. https://doi.org/10.1130/00917613(1991)019<0867
Hoefs, J., 2009, Stable isotope geochemistry, 6th edition, Springer-Verlag Berlin
Heidelberg, 437 p. https://doi.org/10.1007/978-3-319-78527-1

47

Impact Crater Database – Impact Earth, 2020. Impact Crater Database – Impact Earth.
(online) Available at: https://impact.uwo.ca/map/. (Accessed 15 May 2020).

Kettrup, B., Deutsch, A., 2003. Geochemical variability of the Yucatàn basement:
Constraints from crystalline clasts in Chicxulub impactites, Meteoritics & Planetary
Science 38, 1079–1092. https://doi.org/10.1111/j.1945-5100.2003.tb00299.x

Koeberl, C., 2006, The record of impact processes on the early Earth: A review of the
first 2.5 billion years, Geological Society of America Special Paper 405.
https://doi.org/10.1130/2006.2405(01)

Kring, D.A. and Boynton, W.V., 1991. Altered spherules of impact melt and associated
relic glass from the K/T boundary sediments in Haiti. Geochimica et Cosmochimica Acta,
55(6), p. 1737-1742. https://doi.org/10.1016/0016-7037(91)90143-S

Kring, D.A., Hörz, F., Zürcher, L., Fucugauchi, J.U., 2004. Impact lithologies and their
emplacement in the Chicxulub impact crater: Initial results from the Chicxulub Scientific
Drilling Project, Yaxcopoil, Mexico, Meteoritics & Planetary Science, 897, p. 879–897.
https://doi.org/10.1111/j.1945-5100.2004.tb00936.x

Kring, D.A., 2007. The Chicxulub impact event and its environmental consequences at
the Cretaceous-Tertiary boundary. Palaeogeogr. Palaeoclimatol. Palaeoecol. 255, 4–21.
https://doi.org/10.1016/j.palaeo.2007.02.037

Kring, D. A., Tikoo, S. M., Schmieder, M., Riller, U., Rebolledo-Vieyra, M., Simpson, S.
L., Osinski, G. R., Gattacceca, J., Wittmann, A., Verhagen, C. M., Cockell, C. S., Coolen,
M. J. L., Longstaffe, F. J., Gulick, S. P. S., Morgan, J. V., Bralower, T. J., Chenot, E.,
Christeson, G. L., Claeys, P., Ferrière, L., Gebhardt, C., Goto, K., Green, S. L., Jones,
H., Lofi, J., Lowery, C. M., Ocampo-Torres, R., Perez-Cruz, L., Pickersgill, A. E.,
Poelchau, M. H., Rae, A. S. P., Rasmussen, C., Sato, H., Smit, J., Tomioka, N., Urrutia-

48

Fucugauchi, J., Whalen, M. T., Xiao, L., and Yamaguchi, K. E., 2020. Probing the
hydrothermal system of the Chicxulub impact crater. Science Advances, Vol. 6, no. 22,
eaaz3053. https://doi.org/10.1126/sciadv.aaz3053

Libbey, R., Longstaffe, F. and Flemming, R. 2013. Clay Mineralogy, Oxygen Isotope
Geochemistry, and Water/rock Ratio Estimates, Te Mihi Area, Wairakei Geothermal
Field, New Zealand. Clays and Clay Minerals, 61(3), 204217. https://doi.org/10.1346/CCMN.2013.0610304

Lowery, C.M., Bralower, J., Owens, J.D., Rodríguez-Tovar, F.J., Jones, H., Smit, J.,
Whalen, M.T., Claeys, P., Farley, K., Gulick, S.P.S., Morgan, J. V, Green, S., Chenot, E.,
Christeson, G.L., Cockell, C.S., Coolen, M.J.L., Poelchau, M.H., Rae, A.S.P.,
Rasmussen, C., Rebolledo-Vieyra, M., Riller, U., Sato, H., Tikoo, S.M., Tomioka, N.,
Urrutia-Fucugauchi, J., Vellekoop, J., Wittmann, A., Zylberman, W., 2018. Rapid
recovery of life at ground zero of the end- Cretaceous mass extinction The
Cretaceous/Palaeogene mass extinction eradicated 76% of species on Earth. Nature 558,
288–291. https://doi.org/10.1038/s41586-018-0163-6

Marzo, G. A., Davila, A. F., Tornabene, L. L., Dohm, J. M., Fairén, A. G., Gross, C.,
Kneissl, T., Bishop, J. L., Roush, T. L., McKay, C. P., 2010, Evidence for Hesperian
impact-induced hydrothermalism on Mars, Icarus, 208, 667-683.
https://doi.org/10.1016/j.icarus.2010.03.013.

McCarville, P., Crossey, L.J., 1996. Post-impact hydrothermal alteration of the Manson
impact structure, in: Koeberl, C., Anderson, R.R. (Eds.), The Manson Impact Structure,
Iowa; Anatomy of an Impact Crater. Geological Society of America, v. 302.
https://doi.org/10.1130/0-8137-2302-7.347

Melosh, H. J., 1989. Impact Cratering: A Geologic Process. Oxford Monographs on
Geology and Geophysics Series no. 11. 245 pp. Oxford: Clarendon Press.
https://doi.org/10.1017/S0016756800007068

49

Michalski, J., Cuadros, J., Bishop, J., Darby Dyar, M., Dekov, V. and Fiore, S., 2015.
Constraints on the crystal-chemistry of Fe/Mg-rich smectitic clays on Mars and links to
global alteration trends. Earth and Planetary Science Letters, 427, 215-225.
https://doi.org/10.1016/j.epsl.2015.06.020

Morgan, J., Gulick, S., Bralower, T., Chenot, E., Christeson, G., Claeys, P., Cockell, C.,
Collins, G., Coolen, M., Ferriere, L., Gebhardt, C., Goto, K., Jones, H., Kring, D., Le
Ber, E., Lofi, J., Long, X., Lowery, C., Mellett, C., Ocampo-Torres, R., Osinski, G.,
Perez-Cruz, L., Pickersgill, A., Poelchau, M., Rae, A., Rasmussen, C., Rebolledo-Vieyra,
M., Riller, U., Sato, H., Schmitt, D., Smit, J., Tikoo, S., Tomioka, N., UrrutiaFucugauchi, J., Whalen, M., Wittmann, A., Yamaguchi, K. and Zylberman, W., 2016.
The formation of peak rings in large impact craters. Science, 354: 878-882.
https://doi.org/10.1126/science.aah6561

Morse, Z. R., Osinski, G. R., Tornabene, L. L., 2018. Morphological mapping and
interpretation of ejecta deposits from Orientale Basin on the Moon. Icarus, 299, p. 253271. https://doi.org/101016/j.icarus.2017.08.101

Muttik, N., Kirsimäe, K. and Vennemann, T., 2010. Stable isotope composition of
smectite in suevites at the Ries crater, Germany: Implications for hydrous alteration of
impactites. Earth and Planetary Science Letters, 299: 190-195.
https://doi.org/10.1016/j.epsl.2010.08.034

Newsom, H., Graup, G., Sewards, T., and Keil, K., 1986, Fluidization and hydrothermal
alteration of the Suevite deposit at the Ries Crater, West Germany, and implications for
Mars: Journal of Geophysical Research, v. 91, p. E239–E251.
http://dx.doi.org/10.1029/JB091iB13p0E239

50

Naumov, M., 2005. Principal features of impact-generated hydrothermal circulation
systems: mineralogical and geochemical evidence. Geofluids, 5: 165-184.
https://doi.org/10.1111/j.1468-8123.2005.00092.x

Osinski, G. R. and Pierazzo, E., 2012. Impact Cratering: Processes and Products, John
Wiley & Sons, Ltd, Chichester, UK. https://doi.org/10.1002/9781118447307

Osinski, G., Tornabene, L., Banerjee, N., Cockell, C., Flemming, R., Izawa, M.,
McCutcheon, J., Parnell, J., Preston, L., Pickersgill, A., Pontefract, A., Sapers, H. and
Southam, G., 2013. Impact-generated hydrothermal systems on Earth and Mars. Icarus,
224: 347-363. https://doi.org/10.1016/j.icarus.2012.08.030

Osinski, G.R., Grieve, R.A.F., Bleacher, J.E., Neish, C.D., Pilles, E.A., Tornabene, L.L.,
2018. Igneous rocks formed by hypervelocity impact. J. Volcanol. Geotherm. Res. 353,
25–54. https://doi.org/10.1016/j.jvolgeores.2018.01.015

Parnell, J., Taylor, C., Thackrey, S., Osinski, G. and Lee, P., 2010. Permeability data for
impact breccias imply focused hydrothermal fluid flow. Journal of Geochemical
Exploration, 106: 171-175. https://doi.org/10.1016/j.gexplo.2009.12.002

Parnell, J., Boyce, A., Osinski, G., Izawa, M., Banerjee, N., Flemming, R. and Lee, P.,
2012. Evidence for life in the isotopic analysis of surface sulphates in the Haughton
impact structure, and potential application on Mars. International Journal of
Astrobiology, 11: 93-101. https://doi.org/doi:10.1017/S1473550411000395

Perry, E., Marin, L., McClain, J., Velázquez, G., (1995). Ring of Cenotes (sinkholes),
northwest Yucatan, Mexico: Its hydrogeologic characteristics and possible association
with the Chicxulub impact crater. Geology, 23, 17-20. https://doi.org/10.1130/00917613(1995)023<0017:ROCSNY>2.3.CO;2

51

Pickersgill, A., Christou, E., Mark, D. F., Lee, M. R., Tremblay, M. M., Rasmussen, C.,
Morgan, J. V., Gulick, S. P. S., Schmeider, M., Bach, W., Osinski, G. R., Simpson, S.,
Kring, D. A., Cockell, C., Collins, G. S., Christeson, G., Tikoo, S., Stockli, D., Ross, C.,
Wittmann, A., Swindle, T. and the Expedition 364 Scientsist, (2019). Six million years of
hydrothermal activity at Chicxulub, Large Meteorite Impacts VI, Brasília, Brazil.
Abstract #5082.

Pirajno, Franco, 2009. Hydrothermal Processes and Mineral Systems.: Pp. 1250. Springer
Netherlands. ISBN 978-1-4020-8612-0, e-ISBN 978-1-4020-8613-7.

Pontefract, A., Osinski, G., Cockell, C., Southam, G., McCausland, P., Umoh, J. and
Holdsworth, D., 2016. Microbial Diversity of Impact-Generated Habitats. Astrobiology,
16(10), 775-786. https://doi.org/10.1089/ast.2015.1393

Rebolledo-Vieyra, M., and Urrutia-Fucugauchi, J., 2004. Magnetostratigraphy of the
impact breccias and post-impact carbonates from borehole Yaxcopoil-1, Chicxulub
impact crater, Yucatán, Mexico. Meteoritics & Planetary Science, 39(6):821–830.
https://doi.org/10.1111/j.1945-5100.2004.tb00932.x.

Renne, P., Deino, A., Hilgen, F., Kuiper, K., Mark, D., Mitchell, W., Morgan, L., Mundil,
R. and Smit, J., 2013. Time Scales of Critical Events Around the Cretaceous-Paleogene
Boundary. Science, 339(6120), 684-687. https://doi.org/10.1126/science.1230492

Robbins, S. J., Hynek, B. M., 2012. A new global database of Mars impact craters >1 km:
Database creation, properties and parameters. Journal of Geophysical Research, 117, p. 118. https://doi:10.1029/2011JE003966.

Sapers, H., Osinski, G., Banerjee, N. and Preston, L., 2014. Enigmatic tubular features in
impact glass. Geology, 42: 471-474. https://doi.org/10.1130/G35293.1

52

Sapers, H., Osinski, G. R., Flemming, R. L., Buitenhuis, E., Banerjee, N. R., Tornabene,
L. L., Blain, S., Hainge, J., 2016. Evidence for a spatially extensive hydrothermal system
at the Ries impact structure, Germany. Meteoritics & Planetary Science, 52 (2), 351-371.
https://doi.org/10.1111/maps.12796

Sapers H. M., Osinski G. R., Banerjee N. R., Ferriere L., Lambert P., Izawa M. R.,
2014b, Revisiting the Rochechouart impact structure, France, Meteoritics and Planetary
Science, 1-17. https://doi.org/10.1111/maps.12381

Schmieder, M. and Jourdan, F., 2013. The Lappajärvi impact structure (Finland): Age,
duration of crater cooling and implications for early life. Geochimica et Cosmochimica
Acta, 112, p. 321-339. https://doi.org/10.1016/j.gca.2013.02.015

Schwenzer, S., Abramov, O., Allen, C., Bridges, J., Clifford, S., Filiberto, J., Kring, D.,
Lasue, J., McGovern, P., Newsom, H., Treiman, A., Vaniman, D., Wiens, R. and
Wittmann, A., 2012. Gale Crater: Formation and post-impact hydrous environments.
Planetary and Space Science, 70: 84-95. https://doi.org/10.1016/j.pss.2012.05.014

Seligman, A. N., Bindeman, I. N., Watkins, J. M., Ross, A. M., 2016. Water in volcanic
glass: from degassing to secondary hydration, Geochimica et Cosmochimica Acta, 191,
216-238. https://doi.org/10.1016/j.gca.2016.07.010

Sharpton, V. L., Marín, L. E., Carney, J. L., Lee, S., Ryder, G., Schuraytz, B. C, Sikora,
P., Spudis, P. D., 1996. A model of the Chicxulub impact basin based on evaluation of
geophysical data, well logs, and drill core samples. In: The Cretaceous-Tertiary Boundary
Event and Other Catastrophes in Earth History (eds. G. Ryder, D. Fastovsky and S.
Gartner), p. 55-74. Geological Society of America Special Paper 307, Boulder, Colorado,
USA. https://doi.org/10.1130/0-8137-2307-8.55

Sheppard, S. and Gilg, H. (1996). Stable isotope geochemistry of clay minerals. Clay
Minerals, 31, 1-24. https://doi.org/10.1180/claymin.1996.031.1.01

53

Spray J. G., Kelley S. P., and Rowley D. B., 1998, Evidence for a late Triassic multiple
impact event on Earth, Nature, vol. 392, 171-173. https://doi.org/10.1038/32397

Stöffler, D., Langenhorst, F., 1994, Shock metamorphism of quartz in nature and
experiment: I. Basic observation and theory, Meteoritics, 29, 155-181.
https://doi.org/10.1111/j.1945-5100.1994.tb00670.x

Tornabene, L. T., Osinski, G. R., McEwen, A. S., Wray, J. J., Craig, M. A., Sapers, H.
M., Christensen, P. R., 2013. An impact origin for hydrated silicates on Mars: A
synthesis, Journal of Geophysical Research: Planets, 118, 994–1012.
https://doi.org/10.1002/jgre.20082

Turner, S. M. R., Bridges, J C., Grebby, S., Ehlmann, B. L., 2016. Hydrothermal activity
recorded in post Noachian-aged impact craters on Mars. Journal of Geophysical
Research: Planets, 121, p. 608-625. https://doi.org/10.1002/2015JE004989.
Urrutia-Fucugauchi, J., Morgan, J., Stöffler, D., Claeys, P., 2004. The Chicxulub
Scientific Drilling Project (CSDP), Meteoritics & Planetary Science, 39 (6), 787-790.
https://doi.org/10.1111/j.1945-5100.2004.tb00928.x

Valle, N., Verney-Carron, A., Sterpenich, J., Libourel, G., Deloule, E., Jollivet, P., 2010.
Elemental and isotopic (29Si and 18O) tracing of glass alteration mechanisms, Geochimica
et Cosmochimica Acta, 74, 3412–3431. https://doi.org/10.1016/j.gca.2010.03.028

Zürcher, L. and Kring, D. A., 2004. Hydrothermal alteration in the core of the Yaxcopoil1 borehole, Chicxulub impact structure, Mexico. Meteoritics & Planetary Science 39 (7),
1199–1221. https://doi.org/10.1111/j.1945-5100.2004.tb01137.x

Zürcher, L., Kring, D. A., Barton, M. D., Dettman, D., Rollog, M. 2005. Stable isotope
record of post-impact fluid activity in the core of the Yaxcopoil-1 borehole, Chicxulub
impact structure, Mexico. In Kenkmann, T., Hörz, F., and Deutsch, A., eds., Large

54

meteorite impacts III: Geological Society of America Special Paper 384, p. 223-238.
https://doi.org/10.1130/0-8137-2384-1.223

55

Chapter 2

2

1

Hydrothermal alteration associated with the Chicxulub
impact crater upper peak-ring breccias1

S. L. Simpson, G. R. Osinski, F. J. Longstaffe, M. Schmieder, D. A. Kring, 2020.

Hydrothermal alteration associated with the Chicxulub impact crater upper peak-ring
breccias. Earth and Planetary Science Letters, 547, 116425.
DOI:10.1016/j.epsl.2020.116425

2.1 Abstract
The 66 Ma, ~180 km Chicxulub impact structure in the northern Yucatán peninsula and
southern Gulf of Mexico is the best-preserved large impact crater on Earth with a welldeveloped peak ring. The most recent drilling campaign took place offshore during the
joint International Ocean Discovery Program – International Continental Scientific
Drilling Program (IODP–ICDP) Expedition 364 at site M0077A (21.45° N, 89.95° W) and
recovered ~830 m of continuous core. Initial examination revealed that the peak-ring
comprises four main lithological units (from the base upwards): crystalline basement
granitoid rocks (Unit 4); a thin layer of impact melt rocks (Units 3A and B); melt-bearing
breccias (Units 2A–C); and post-impact sedimentary rocks (Unit 1). Preliminary analysis
of the drill core indicated that hydrothermal alteration has affected all lithologies and is
especially pervasive in the melt-bearing breccias of Unit 2 (721.6 to 617.33 metres below
sea floor, mbsf). Here we present the first detailed investigation of hydrothermal alteration
within the melt-bearing breccias. Alteration phases are predominantly Fe-Mg clay
minerals, zeolites, alkali feldspars, calcite and minor sulfides, sulfates, opal and Fe-Ti
oxides. Alteration is especially intense proximal to lithologic contacts, particularly at the
base of subunit 2B where there is an abrupt increase in host rock porosity ~30 m above the
impact melt rocks. The pervasiveness of clay minerals and zeolites is attributed to the high
amounts of devitrified silicate glass throughout Unit 2. The phases preserved here are
consistent with the findings of previous hydrothermal studies in other areas of the
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Chicxulub structure, and suggest an evolving water-rock system that was alkaline-saline,
comparable to seawater-basaltic glass alteration.

2.2 Introduction
Impact cratering is the most common geological process affecting the surface of
solid bodies throughout our Solar System. In addition to the deleterious effects of meteorite
impacts, in recent years there has been growing recognition that impacts into hydrous
planetary bodies have the potential to initiate transient hydrothermal environments
(Naumov, 2005; Newsom et al., 1996; Osinski et al., 2013), which, on Earth, preserve
evidence for having been conducive to the development of microbial communities (e.g.,
Parnell et al., 2012; Sapers et al., 2014; Simpson et al., 2017; Osinski et al., 2020a). These
impact-generated hydrothermal systems generally fall within the geological realm of lowtemperature alteration; the ephemeral nature of the heat source means they usually host
peak temperatures of ~350 C, with temperatures below 100 C being possible for millions
of years for 100 km-size craters (Abramov and Kring, 2004; 2007). These relatively low
temperatures result in assemblages dominated by hydrous silicates such as clay minerals
and zeolites, as well as carbonates, sulfates, sulfides and oxides. Hydrothermal systems
generated by meteorite impacts are attracting increasing attention within the planetary
science community and have become prime targets for planetary exploration because they
(1) can preserve evidence for volatile compounds such as water, past or present, and reveal
information on associated fluid chemistry (e.g., McCarville and Crossey, 1996; Osinski et
al., 2013); (2) provide sample materials that can be analyzed to resolve and quantify the
lifetime of such systems using high-precision geochronology (e.g., Ames et al., 1998;
Schmieder and Jourdan, 2013); (3) have the potential to fossilize biosignatures, if such
communities ever existed (Parnell et al., 2012; Sapers et al., 2014; Osinski et al., 2020a);
and (4) provide foundations for prebiotic chemical synthesis in the form of impact glass
and secondary hydrated phases such as swelling clay minerals (Cockell, 2006; Feuillie et
al., 2013).
In their review of impact-generated hydrothermal systems, Osinski et al., (2013) noted
that relatively few of these environments have been studied in detail. A few exceptions
include the 26-km diameter Ries impact structure, Germany (e.g., Osinski, 2005a; Sapers
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et al., 2017), the 4-km diameter Kärdla impact crater, Estonia (Kirsimäe et al., 2002), the
Popigai, Puchezh-Katunki and Kara impact structures, Russia (Naumov et al., 2002), the
35-km diameter Manson impact structure, United States (McCarville and Crossey, 1996),
and the 23-km diameter Haughton impact structure, Canada (Osinski et al., 2005b; Izawa
et al., 2011). These studies suggest that the primary heat sources fueling impact-generated
hydrothermal systems are impact melt rocks and melt-bearing breccias and, in larger
craters, the central uplift and elevated geothermal gradient, such as present in the 200-km
diameter Sudbury impact structure in Canada (Abramov and Kring, 2004; Campos-Alvarez
et al., 2010; Osinski et al., 2013; 2018). Very few studies have successfully identified the
hydrothermal fluid sources, but these are thought to be the shallow, local water reservoirs
at the time of the impact (i.e., meteoric fluids for terrestrial impacts, and seawater for
marine impacts) (Muttik et al., 2010; Osinski et al., 2013). Estimates for the longevity of
these hydrothermal systems in small to mid-size craters are poorly constrained, although
Ar–Ar and U–Pb results suggest that impact structures ~20–50 km in diameter can host
hydrothermal activity lasting >1 million years locally (as exemplified by the ~23 kmdiameter Lappajärvi impact structure, Finland, Schmieder and Jourdan, 2013).
Additionally, models based on temperatures retained by the central uplift from the 35-km
diameter Manson impact structure, Iowa suggest hydrothermal alteration may persist for
up to 1 million years (McCarville and Crossey, 1996 and references therein). For craters in
the 200-km range, both observations and modeling suggest lifetimes of ~1–2 million years
(Ames et al., 1998; Abramov and Kring, 2004). To date, relatively few impact-generated
hydrothermal systems have been investigated in detail in drill core. Hence, the threedimensional workings of these systems generally remain the subject of speculation and
most current numerical models of these processes lack petrologic, geochemical, and
geochronologic validation.
Despite being proposed as the leading cause of the end-Cretaceous global mass
extinction (Hildebrand et al., 1991; Urrutia-Fucugauchi et al., 2004; Kring, 2007), recent
work on Chicxulub indicates that life recovered within 30,000 years after the impact event
(Lowery et al., 2018). This discovery is consistent with a role for large meteorite impacts
in providing an ephemeral, exogenic source of heat to otherwise geologically “dead”,
water-bearing planets and satellites, thus creating conditions favourable for life (Naumov,
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2005; Osinski et al., 2013; Osinski et al., 2020a). In this contribution, we present the first
detailed investigation of the hydrothermal system within the recently acquired drill core of
the Chicxulub impact crater upper peak-ring breccias that were sampled by joint IODP–
ICDP Expedition 364 at site M0077A (21.45° N, 89.95° W).

2.3 Geological setting
The ~180-km, ~66 Ma Chicxulub impact structure – located in the northern
Yucatán peninsula and southern Gulf of Mexico – is the best preserved, large impact crater
on Earth (S. Gulick et al., 2017a; Kring et al., 2004; Renne et al., 2013). Chicxulub has
been drilled extensively in the past (Hildebrand et al., 1991; Kring et al., 2004; Sharpton
et al., 1996; Ames et al., 2004; Urrutia-Fucugauchi et al., 2004); the vast majority of that
core, however, is currently not available for study. The most recent subsurface exploration
in 2016 sampled the peak-ring structure (Figs. 2.1, 2.2). This drilling campaign took place
offshore during the joint IODP–ICDP Expedition 364 at site M0077A (21.45° N, 89.95°
W), and recovered ~830 m of continuous core (Fig. 2.2) (Morgan et al., 2016). Initial
lithologic characterization (Christeson et al., 2018; Gulick et al., 2017a, b) revealed that
the peak-ring comprises ~587 m of fractured granitoid basement rocks intercalated with
pre-impact diabase and syn-impact breccia dikes (lowermost core section, Unit 4). The
basement rocks are overlain by a ~26 m-thick layer of impact melt rock (Unit 3) and a ~104
m-thick gradational sequence of impact melt-bearing breccias (subunits 2A–C; e.g., Gulick
et al., 2017a, b; Osinski et al., 2020b). The peak-ring and impactite sequence was rapidly
buried under ~617 m of post-impact sediment (uppermost core section, Unit 1), which
contributed to the exceptional preservation of the Chicxulub impact structure. Readers are
referred to Morgan et al. (2016), Gulick et al. (2017a, b) and Christeson et al. (2018) for a
comprehensive description of the formation and geophysical properties of the peak-ring
structure.
Impact-generated hydrothermal alteration at Chicxulub has been documented
previously within the Yaxcopoil-1 core, which sampled material from the crater’s annular
trough regions (Ames et al., 2004; Urrutia-Fucugauchi et al., 2004; Zürcher and Kring,
2004, 2005; Abramov and Kring, 2007) (Fig. 2.1). These studies suggested that the
hydrothermal regime at Chicxulub was initially hot (>300°C) and dominated by alkali
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metasomatism, followed by argillic alteration. These same studies drew attention to
pervasive alteration of impact glass to clay minerals (Zürcher and Kring, 2004). In the
Yaxcopoil-1 core, the clay minerals are predominantly chlorite, Mg-Fe smectite,
montmorillonite, and an unidentified ‘amorphous’ phase. Similar alteration phases are also
found in the altered ‘microtektite’ spherules from outside the crater (Kring and Boynton,
1991; Belza et al., 2015). The first results from the site M0077A core have shown that all
peak-ring units have been affected by hydrothermal alteration, with the most diverse and
extensive assemblages present in Units 2 and 3 (Gulick et al., 2017a, b; Kring et al., 2020).
Here we present the first detailed study of the post-impact hydrothermal alteration
preserved throughout the upper peak-ring impact melt-bearing breccias (subunits 2A to C),
at core depths between 712.83 and 617.33 mbsf. We focus on the chemical composition
and textural relationships of these secondary assemblages and provide an overview of
possible events leading to their formation.
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Figure 2.1: (A) Simplified cross section through the Chicxulub impact structure
showing the central basin, peak-ring, annular trough and outer rim region, as well
as the location of the Yaxcopoil-1 and M0077A drill cores, as modified from
Vermeesch and Morgan (2004). (B) Cross section through the Chicxulub peak ring
based on seismic reflection profiles, showing location of the M0077A drill core
relative to the surrounding material and crater structure, as modified from
Christeson et al. (2018).
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Figure 2.2: Cross-section of the drill core collected at site M0077A during IODP–
ICDP Expedition 364, showing the distribution of main Chicxulub peak-ring
lithologic units, as modified from Morgan et al., (2016), with downhole porosity (%)
from 730-610 mbsf, modified from Christeson et al. (2018). Downhole porosity was
calculated for sample plugs; for more details on the methods used to calculate the core
physical properties readers are referred to Gulick et al. (2017c) and Christeson et al.
(2018). The regional setting of Chicxulub is shown in the upper right corner, with the
red dashed line outlining the inferred crater diameter; also indicated is the location
of site M0077A as well as previous drilling expeditions within the Chicxulub impact
structure.

2.3.1

The Chicxulub peak-ring impact breccias

The main impactite sequence in the upper peak-ring, Unit 2, is ~104 m thick and was
originally described as ‘suevite’ (Gulick et al., 2017a, b). More recently, this unit has
been interpreted as the product of melt-fueled coolant interaction between hot impact
melt and cold seawater (Osinski et al., 2020b). Unit 2 comprises a sub-rounded to subangular, overall gradational, fining-upwards sequence of melt-bearing breccia, which is
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divided into 3 subunits A-C (Table 2.1) (Christeson et al., 2018; Gulick et al., 2017b).
There are abundant ‘glass’ clasts within Unit 2, although no pristine impact glass has
been identified. Henceforth we refer to these clasts as devitrified glass.
The lowermost subunit 2C is ~9 m thick; this thin subunit is very poorly sorted, and
transitions from bright green to dark brown matrix at more shallow intervals. This subunit
is primarily matrix-supported, contains clasts of dark grey and green, carbonate and
intermediate-andesitic composition silicate melt, and both granitoid basement and
sedimentary target components in a carbonate and clay mineral-rich matrix. Subunit 2C
gradually transitions from the underlying clast-poor, impact melt rock, Unit 3, at 721.60
mbsf, which is characterized by a mottled green-black melt alteration domain, dominated
by garnet–smectite (saponite)–calcite alteration (Morgan et al., 2016; Gulick et al.,
2017b; Kring et al., 2020).
At 712.84 mbsf, the transition from subunit 2C to 2B is characterized by a colour
change from green-grey to brown. Subunit 2B consists of a 48 m-thick, single, finingupwards breccia sequence. The overall clast size increases, locally reaching to >10 cm at
lower intervals, and porosity generally continues to increase at more shallow depths. The
exception to this trend is a highly altered zone in the lower half of subunit 2B (~706 to
689 mbsf), which shows an abrupt increase in porosity by ~20% (Fig. 2.2) and decrease
in density and P-wave velocity (Christeson et al., 2018). Below 706 mbsf – approaching
the contact with underlying subunit 2C – there is an increase in melt content and a sharp
decrease in porosity to as low as 20% (Christeson et al., 2018).
Subunit 2A is ~47 m thick (Table 2.1) that is lithologically and geochemically very
similar to 2B and forms the uppermost contact with the post-impact sediments (Unit 1) at
the K-Pg boundary (617.33 mbsf). The main characteristic that distinguishes subunit 2B
from 2A is the former’s lack of sedimentary features common in 2A (S. Gulick et al.,
2017a, b). Subunit 2A contains multiple fining-upward sequences of sub-mm to 2 cm
clasts of glass, minerals and sedimentary and crystalline target rocks within a micritic
(and locally sparitic) carbonate matrix. The contact with underlying subunit 2B is
characterized by the lowest erosional contact at 664.52 mbsf.
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Table 2.1: Overview of Unit 2 average physical properties (modified from Gulick et
al., 2017a, b; Christeson et al., 2018)
Porosity
Subunit

Depth (mbsf)

(%)

Description
•

Sub-mm to 2 cm clasts of
devitrified impact glass, melt,
minerals and granitoid +
sedimentary target lithologies
in fine- grained, micritic
groundmass.

•
2A

664.52 to 617.33

35 ± 2

Characterized by several finingupwards sequences.

•

Clast and groundmass
composition similar to 2A; size
ranges from 2 to 10 cm; rarely
>10 cm.

•

Highly porous zone, up to 40%,
between 689 – 706 mbsf where
groundmass becomes clay-rich
and friable.

•

Single fining-upwards sequence
lacking sedimentary features

2B

712.84 to 664.52

29 ± 7

common to 2A.
•

2 mm to >10 cm; very poorly
sorted; characterized by change
in color from dark brown to
bright green-blue.

•

Groundmass becomes more
carbonate and clay mineral-

2C

721.60 to 712.84

20 ± 4

rich.
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•

Transition to underlying melt
rock is characterized by
increase in melt and decrease in
clast content.

2.4 Methods
Core samples were selected from continuous intervals within Unit 2. Polished thin
sections were examined initially using a Nikon LV100POL petrographic microscope
equipped with a Nikon DS-Ri1 digital camera and subsequently, thin sections were
carbon coated and examined using a JEOL JXA-8900 L electron microprobe in the Earth
and Planetary Materials Analysis Laboratory at the University of Western Ontario
(Western). Beam operating conditions were 15 kV with a current of 10 nA and 5 µm
diameter spot size. The rough surfaces of additional samples determined to be too fragile
for traditional, polished thin-section preparation were analyzed at Western’s
Nanofabrication Facility. These were coated with Os and examined using a LEO Zeiss
1540XB Scanning Electron Microscope (SEM) with beam operating conditions between
3 and 30 kV. A subset of samples was selected for quantitative geochemical analysis,
which was achieved using the following calibration standards: natural albite for zeolites
and feldspars (Si, Al, Na; Amelia County, VA, USA), natural basaltic glass for clay
minerals (Si, Al, Na, Mg, Ca, Fe; USNM 113498/1 VG-A99), natural diopside for
zeolites and feldspars (Ca, Mg; USNM 117733), natural rutile (Ti; location unknown),
natural calcite for carbonate minerals (Ca; Astimex, Iceland Spar), natural orthoclase (K;
C. M. Taylor Inc.), natural fayalite (Fe; locality unknown), natural rhodonite (Mn;
Astimex, unknown locality), nickel metal (99.97% wire) (Ni; Alfa Aesar, USA), natural
apatite (P; Astimex, Wilberforce, ON, Canada), natural sodalite (Cl; Geller
MicroAnalytical) and natural anhydrite (S; Astimex, Lyon Co. NV, USA). Non-coated,
polished thin sections were examined for optical microscopy.
Following initial characterization, a subset of five samples were selected for clay
mineral analysis by powder X-ray diffraction (pXRD), which was performed at the
Laboratory for Stable Isotope Science (LSIS). The <0.2 µm size-fraction was separated
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from powdered whole-rock drill cuttings following the techniques of Libbey et al. (2013).
An aliquot of each <0.2 µm separate dispersed in deionized water and pipetted onto glass
slides to achieve a preferred basal orientation of the clay minerals. The pXRD patterns
were obtained for each subsample in order to identify its clay minerals, first for material
maintained at 54% relative humidity (RH) and then following vapor-solvation with
ethylene glycol (EG). The pXRD scans were performed using a high-brilliance Rigaku
Rotaflex RU-200B series diffractometer, equipped with a Co rotating-anode source
operated at 160 mA and 45kV and a graphite monochromator, to achieve K-α radiation.
The subsamples were scanned from 2 to 82° 2 (EG) and 2 to 42° 2 (54% RH) at 2°
2/min, using a step size of 0.02° 2. Additional scans were performed from 58 to 78° 2
at 2° 2/min, using a step size of 0.02° 2 on unoriented sample powders in order to
identify the d(060), or b-parameter.

2.5 Results
There are diverse types of secondary alteration within the peak-ring impact breccias
of Unit 2, as illustrated in Figures 2.3 and 2.4. The most common alteration products are
Fe-Mg-smectite, zeolites, carbonates, alkali feldspars (var. K-feldspar, anorthosite and
albite), and Ti- and Fe-oxides. Lesser amounts of secondary quartz, sulfides and more
rarely, opal and barite are also present. Geochemical data for selected members of these
mineral groups are summarized in Appendix Tables A 1-3.
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Figure 2.3: Reflected light (A, C) and transmitted light (B) microscope images of
altered clasts and matrix in subunit 2A (53R-3 50-51 cm; 658.49 mbsf). The breccia
matrix, shown here (A, B), is locally completely replaced by calcite, analcime and
abundant Na-dachiardite. Quantitative spot analyses (WDS) for this sample are
presented in Appendix Tables A 1-3. Abbreviations: Cal = calcite; Dac = dachiardite;
Gc = devitrified glass clast; Hg = hydrated glass (palagonite); Lc = limestone clast;
Smc = smectite; Xc = melt clast. WDS = Wavelength-Dispersive X-ray Spectroscopy.
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Figure 2.4: Backscattered electron (BSE) images of the most common alteration
assemblages throughout Unit 2. (A) Vesicle-filling Na-dachiardite (Dac) and
overgrowth of albite (Alb) and K-feldspar (Kfs) in a glass clast in subunit 2A (53R-3
51-50 cm; 658.49 mbsf). (B) Zeolites, clay minerals and K-feldspar + albite that have
replaced a glass clast in subunit 2B (53R-2, 19.5-17.5 cm; 657.12mbsf). (C) Clay
minerals (Smc) and carbonates (Cal) forming a budding texture within an altered
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glass clast in subunit 2B (59R-1, 42.5-40.5 cm; 674.59 mbsf); (D) Secondary
dachiardite and Fe-Mg smectite (saponite) that have completely replaced a glass clast
in subunit 2B (59R-1, 42.5-40.5 cm; 674.59 mbsf); (E) Analcime (Anl), calcite and
dachiardite that crystallized within pore space and replaced micritic matrix (Mat) in
subunit 2A (53R-3 51-50 cm; 658.49 mbsf). (F) Calcite, K-feldspar and albite infilling
secondary pore space within the micritic matrix in Unit 2C (84R-3, 78-77 cm; 715.59
mbsf).

2.5.1

Clay Minerals
Clay mineralization is the most pervasive type of alteration within Unit 2 and

predominantly occurs in the form of replacement of the abundant silicate glass clasts and
crystalline melt rock clasts in the lower intervals of subunits B and C. As noted above, no
pristine glass was observed in this study. All primary glass clasts have been replaced by
Fe-Mg-rich smectite and a cryptocrystalline, texturally nondescript, vitreous phase (<0.1
µm), here referred to as palagonite, that is even finer-grained than the smectite. The
altered glass clasts vary in composition and color. Most are dark yellow in transmitted
light but others commonly display possible immiscibility textures between light-green to
yellow, Na-Si-rich and dark brown, Mg-Fe-rich endmembers.
The overall Mg:Fe ratio of the clay minerals varies slightly, averaging 0.86 and
ranging from 0.56 to 1.13 (Appendix, Table A 3). The smectite commonly displays a
banded alteration pattern (Figs. 2.5A, B); there is generally no change in the chemical
composition of these discrete clay ‘bands’, which are consistently Fe-Mg-rich (Appendix,
Table A 3). Some altered glasses in subunits 2B and 2C contain localized zones of K-rich
smectitic clay (Figs. 2.5C, D) in addition to Fe-Mg smectite. The pXRD results for the
<0.2 µm size-fraction consistently show a strong d(001) for EG-saturated samples at
~1.67 nm, indicating that smectitic clays are the dominant clay mineral group throughout
Unit 2 (Appendix, Figure A 1). The d(060) lies between 0.153 – 0.154 nm, consistent
with trioctahedral smectite. When taken in conjunction with the quantitative analyses,
this phase is likely saponite, although localized zones of K-Al enrichment and/or higher
Fe:Mg ratios may indicate the presence of lesser amounts of other clay phases, possibly
illite, montmorillonite and/or nontronite (Brindley and Brown, 1980). Clay minerals are
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also commonly present in circular, budding patterns replacing glass (Fig. 2.4C), and also
coat fractures along with calcite and other zeolite minerals. In addition to replacing
former silicate glass clasts, clay minerals also occur in the groundmass throughout all
subunits. The matrix of the highly porous, friable zone in the lower portion of subunit 2B
is almost completely composed of clay minerals and carbonates.

Figure 2.5: BSE and WDS element maps showing clay mineral textures and chemical
zoning in clasts of altered glass from subunit 2A (46R-2, 46-44 cm; 636.48 mbsf) (A
and B) and subunit 2C (84R-3, 14-13 cm; 714.95mbsf) (C and D). A and B illustrate
relatively equidistant clay alteration ‘bands’ that are generally parallel and
chemically similar; in contrast, a devitrified glass clast from subunit 2C (C and D)
displays chemical zoning as small areas of K-enrichment within Mg-Fe rich smectite
(interior of clast, labeled K-Smc). Abbreviations: Cl = clast; K = potassium; K-smc =
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potassium-rich clay; Mat = matrix; Mg = magnesium; Pal = palagonite. WDS =
Wavelength-Dispersive X-ray Spectroscopy; BSE = backscattered electron image.

2.5.2

Zeolites
Zeolites are common throughout Unit 2. Most common are Na-dachiardite,

analcime, mordenite, and heulandite (Figs. 2.3, 2.4 A, B, D and E; Appendix, Table A 2).
Zeolites are most common within subunits 2A and 2B, where they locally make up the
fine-grained groundmass along with calcite and clay minerals, fill matrix pore space and
vesicles within former glass clasts, and also occur as a replacement phase, along with
clay minerals, in the altered glass clasts. Most striking are the bright red, fibrous,
amygdaloidal aggregates of Na-dachiardite up to ~2 mm in diameter that occur in highly
porous samples. Analcime and dachiardite are consistently found throughout all subunits
but are locally more abundant and coarser in samples with high porosity, such as the high
porosity zone in the lower portion of subunit 2B.

2.5.3

Carbonate minerals
Calcite is the most common secondary carbonate mineral in Unit 2; it fills

vesicles within altered glass clasts and clasts of crystalline melt rock, and also has
crystallized within secondary vugs in dissolved limestone clasts. Locally, in subunits 2A
and upper 2B, the groundmass is completely composed of euhedral, coarse-grained
calcite, as well as zeolites. In the lower intervals of subunits 2B and most of 2C, the
groundmass is composed primarily of calcite and clay minerals. Well-formed, coarsegrained, vesicle and pore-filling calcite usually contains small amounts of Mg and Mn
(Appendix, Table A 1), and local enrichments of these elements demarcate crystal growth
patterns when observed using the microprobe (Fig. 4E). Local enrichments of Mn, Mg
and Fe form a minor component of secondary calcite (Appendix, Table A 1).

2.5.4

Feldspars
K-metasomatism is a common feature and has affected all of Unit 2 to some

extent; the intensity increases with depth, approaching the underlying Unit 3 impact melt
rock. Within the upper sections, in subunits 2A and B, overgrowths of K-feldspar,
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anorthoclase and albite are common along clast margins, and small (<50 µm), euhedral
crystals are common in vesicles and matrix pore space, commonly associated with
zeolites and carbonates (Figs. 2.4A, F). In the lower subunits 2B and 2C, devitrified glass
clasts commonly display vesicles, fractures and veins with K-feldspar-enriched margins
(Fig. 2.7). There are no apparent chemical trends in feldspar composition through Unit 2
with depth. The majority of feldspars in all subunits are classified as K-feldspar and
fewer as albite (var. anorthoclase, albite and oligoclase) (Fig. 2.6).

Figure 2.6: Feldspar ternary diagram (Anx, Abx, Orx) showing the distribution of
feldspar compositions in a subset of samples from subunits 2A-C (A) and
corresponding BSE images showing the size and texture of some feldspars analyzed
(B: 658.5 mbsf and C, 717.4 mbsf). Use of a 5 µm spot size during chemical analysis
may have slightly skewed feldspar compositions, particularly towards more Ca-rich
end-members. Abbreviations: Alb = albite; And = andesine; Anor = anorthoclase;
BSE = backscattered electron image; Byt = bytownite; Cal = calcite; Cl = clast; Dac
= dachiardite; Kfs = K-feldspar. Lab = labradorite; Misc. = immiscibility gap; Olig
= oligoclase.
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Figure 2.7: WDS element maps showing K, Mg and Na distribution in a clast of
aphanitic crystalline granitoid melt from subunit 2B (83R-1 56.5 to 54.5 cm; 712.63
mbsf). Here, K-metasomatism is marked by K-enrichment along vesicle margins
and veins, and small crystals of K-feldspar have precipitated along fracture and
vesicle surfaces. Abbreviations: K = potassium; Mg = magnesium; MM = melt
matrix; Na = sodium; Vs = vesicle. WDS = Wavelength-Dispersive X-ray
Spectroscopy.

2.5.5

Sulfides, sulfates, oxides and other phases
Pyrite (possibly including marcasite), chalcopyrite and, less commonly, barite, are

the most abundant sulfides and sulfates in Unit 2. Most commonly, they occur as minor
secondary phases in altered lithic clasts, both crystalline and sedimentary, and within
groundmass pore space. These minerals are spatially associated with the clay and
carbonate minerals described above, and also with Fe-Ti oxides. Anatase is the most
common Ti-oxide associated with altered glass and is typically found with the clay and
sulfide minerals, but also occurs elsewhere within matrix pore space. Magnetite is found
filling secondary porosity (Fig. 2.8A) within the clastic matrix; there are also much
smaller (~ ≤5 µm) microscopically unresolvable Ti-Fe oxides dispersed throughout the
devitrified glass clasts. The microprobe beam size was often too large to obtain a highfidelity chemical measurement for these phases. The devitrified glass-hosted oxides are
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often aligned with relict schlieren textures; Ti is relatively immobile, and it is likely they
were a primary feature of the melt and not affected significantly by alteration. Halite (Fig.
2.8B) and opal (Fig. 2.8C) are less common and are associated with altered glass clasts,
as are some sulfides (Fig. 2.8D).

Figure 2.8: Backscattered electron images (BSE) of minor secondary phases in Unit
2. (A) Magnetite within the micritic matrix in subunit 2A (53R-2, 19.5 to 17.5 cm;
657.12 mbsf); (B) Halite crystals in an altered glass clast in subunit 2A (43R-2, 53 to
52 cm; 627.39 mbsf); (C) Opal in an altered glass clast in subunit 2B (83R-2, 56.5 to
54.5 cm; 712.63 mbsf); and (D) Chalcopyrite associated with smectite in an altered
glass clast in subunit 2A (55R-1, 112 to 111 cm; 663.1 mbsf).
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2.6 Discussion
The alteration mineralogy and textural relationships documented throughout Unit 2
are the product of multiple processes involving glass devitrification and alteration, with
changes in fluid chemistry, host rock porosity and permeability, and proximity to the
underlying melt lithologies of Unit 3. The Si and Al-rich, oxidized assemblages (i.e.,
zeolites, alkali feldspars, carbonates) are not unlike those formed by reaction between
basaltic-intermediate glasses and seawater in mid-ocean ridge environments (Crovisier et
al., 1983; Jercinovic et al., 1990; Seligman et al., 2016). The abundance of Na-Ca-rich
zeolite assemblages in this environment, in addition to carbonate minerals, and the lack
of substantial amounts of pyrite and sulfate, indicate an alkaline-intermediate
hydrothermal environment.

2.6.1

Host rock porosity and impact melt rock controls on
alteration

While the types of secondary minerals remain fairly consistent through most of Unit
2, the intensity and habit of alteration changes significantly with depth. This is evident
even in hand samples, in that the rocks become more friable and clay mineral-rich
towards the mid-lower sections of Unit 2B. Indeed, we have identified a highly altered
zone in the lower part of subunit 2B (~706 to 689 mbsf), which corresponds to a zone of
high porosity (up to 40%) and, presumably, high permeability identified in geophysical
data (Christeson et al., 2018). Additionally, there is a substantial amount of altered
impact glass in Unit 2. We propose that the combination of high porosity, permeability,
and distinct lithological changes in the melt-bearing breccias combined with proximity to
the underling melt rock unit led to the pervasive, zeolite–clay mineral–carbonate mineraldominated alteration in this part of the peak-ring (Table 2.1). This highly altered zone
was a ‘fluid superhighway’, a feature common to geological contacts or lithostratigraphic
packages where there are significant changes in host rock physical properties as observed
here, and especially those that are proximal to a significant heat source like a thick pool
or sheet of impact melt (e.g., Abramov and Kring, 2004; 2007). A similar pattern was
observed in the Yaxcopoil-1 core where the most pervasive hydrothermal alteration was
localized ~30 m above the impact melt rocks (Zürcher and Kring, 2004; 2005). The
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presence of highly altered regions within and/or surrounding a significant body of impact
melt rock or melt-rich impact breccias has also been reported for the Sudbury and Ries
impact structures (Campos-Alvarez et al., 2010; Newsom, 1980; Osinski et al., 2013;
Sapers et al., 2017). Importantly, growing evidence from terrestrial studies of impact
structures suggests that these regions of high porosity, permeability and resultant high
fluid-flow, are ideal environments for preserving evidence of ancient bacterial
communities (Parnell et al., 2012; Sapers et al., 2014; Simpson et al., 2017).
As noted in previous studies, the primary heat source driving alteration in impactgenerated hydrothermal systems is melt-bearing impactites and the central uplift region
(e.g., Newsom, 1980; McCarville and Crossey, 1996; Abramov and Kring, 2007; Osinski
et al., 2013). The impact melt (Unit 3) within the peak-ring was relatively thin (~26 m),
Hence, its apparent potential for contributing a substantial amount of heat is limited.
However, we have sampled but a single drill core and significant contextual information
about surrounding material – such as variation in melt rock thickness – is lacking. The
hydrothermal assemblage in the Yaxcopoil-1 core, for example, shows evidence for a
large amount of lateral heat from the ~3 km-thick central melt sheet inside the peak-ring
(Zürcher and Kring, 2004; Zürcher and Kring, 2005). Additionally, the central uplift
region in Chicxulub comprises granitoid crystalline basement that was uplifted from 8 to
10 km depth and 200-250°C (Morgan et al., 2016). We propose an initial, short-lived
higher temperature phase of alteration based on the materials proximal to the melt sheets
observed here and in previous drilling expeditions, and a second, later stage system
driven by the heat of the central uplift itself, which represents a large and significant
uplift of the geotherm.

2.6.2

Alteration temperatures
The assemblages described here typically form over a range of temperatures from

>300 C to ambient, which is a common feature of retrograde alteration in impactgenerated hydrothermal systems (Naumov, 2005; Osinski et al., 2013). Figure 2.9
summarizes the paragenetic sequence postulated here for the Chicxulub peak-ring
alteration.
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Pervasive alkali metasomatism, generally thought as an initial, high-temperature
stage (>300 C) in the lifetime of impact-generated hydrothermal systems, is prevalent
throughout Unit 2 but is best developed in areas containing higher amounts of devitrified
glass, in melt clasts and in those areas proximal to the underlying melt rock of Unit 3
(Naumov, 2005; Osinski et al., 2013). At Chicxulub, we have documented evidence for
both an early and late stage of alkali metasomatism, characterized as follows: (1) an
initial phase of pervasive K-metasomatism and albitization at ≥300°C occurred as the
melt cooled; this stage is characterized by the larger, blocky K-feldspar, anorthoclase and
albite rimming vesicles, coating fractures and forming veins in melt clasts (Fig. 2.7); and
(2) a later phase (<200°C) of feldspar crystallization occurred during or shortly after
zeolite formation (cf., Hay and Sheppard, 2001; Deer et al., 2004). Although there is a
general trend towards the K-feldspar, anorthoclase and albite endmembers, it is possible
in a dynamic hydrothermal system for conditions to oscillate locally. This stage is
characterized by much smaller, more localized crystal aggregates that formed on, or
proximal to, the Na-dachiardite, analcime and calcite in vugs and filling pore space. The
textural data also indicate later formation of alkali feldspars at the expense of earlier
zeolites (e.g., Figure 4A). These observations are consistent with those made for the
Yaxcopoil-1 core, which included an earlier phase of higher temperature, Ca-Na and K
metasomatism (Zurcher and Kring, 2004, 2005).
The presence of analcime in the alteration assemblage is of particular significance
because it can form in a variety of environments but most often precipitates from
intermediate-alkaline fluids at temperatures <250°C (Deer et al., 2004) (Fig. 2.9). Among
the zeolites, analcime is considered to be a less hydrous and more structurally stable
phase that forms with or without albite. During the alteration of glass, it commonly
crystallizes at the expense of earlier-formed, less stable zeolites such as clinoptilolite,
phillipsite and mordenite (Deer et al., 2004), which is what has been observed at
Chicxulub (e.g. Fig. 2.4E). During this transition, feldspars may also co-precipitate due to
the high amounts of Si, Al and alkali/alkali-earth cations in solution.
Vesicle and vug-filling calcite contains localized enrichments in Mn and Mg and
texturally appears to have crystallized along with or following zeolites. Calcite, smectite,
barite, pyrite and halite formation can crystallize over a very wide range of temperatures;
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further information (e.g., isotopic or fluid inclusion data) is needed to constrain their
conditions of formation in the Chicxulub peak-ring units described here. A few instances
of framboidal pyrite have been noted by Kring et al. (2020), however, which imply
crystallization at temperatures within the range favorable for biogenic sulfate reduction
(40–70 C) (Machel et al., 2001; Kring et al., 2020).

Figure 2.9: Proposed paragenetic sequence of secondary mineralization in the peakring impact breccias that comprise Unit 2 and the putative temperature ranges for
each phase. Abbreviations: Anl = analcime; Alk = alkali metasomatism; Bar =
barite; Cal = calcite; Dac = Na-dachiardite; Hal = halite; Opl = opal; Pyr = pyrite;
Smc = smectite.

2.6.3

Impact glass-fluid reactions

The high shock pressures and temperatures generated during the Chicxulub impact
event had a dramatic effect on the target materials. These effects ranged from discrete
changes in crystalline structure to generation of the glassy materials preserved in the
impact breccias of Unit 2. These devitrified glasses are chemically and texturally akin to
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those produced volcanically (Osinski et al., 2018, 2020b) and have altered in a similar
way. Impact products in general are highly susceptible to post-impact alteration as a
result of the overall increase in fracturing, faulting, and disorder compared to their unshocked equivalent. Silicate impact glass is a metastable material and is especially
susceptible to alteration; this feature is demonstrated here, through the abundant high Si
and Al secondary phases preserved throughout Unit 2. A series of hydration reactions
affecting the impact glass (i.e. hydrolysis or H+ metasomatism) can result in the overall
uptake of H+ into primary materials if the starting fluids are more acidic in the earliest
stages of alteration. As a result, fluid pH may increase, allowing conditions to evolve
towards more alkaline conditions that are amenable to carbonate precipitation throughout
the system’s lifetime.
Zeolites form when the abundance of silica-rich phases, or the concentration of silica
in solution, is high, most commonly in volcanic environments such as glassy ash
deposits, but they are also known from marine environments via alteration of biogenic
opal (Jercinovic et al., 1990; Kring and Boynton, 1991; Hay and Sheppard, 2001). In this
Chicxulub core, the rocks initially contained a substantial amount of glass clasts. There
appears to be two distinct melt compositions preserved within these devitrified glasses.
One melt appears to have been more mafic (brown-black) and the other, felsic (greenyellow); commonly there is also a honey-colored intermediate phase. Glasses of different
composition would alter differently, at different rates, and produce different products. In
the current case, the devitrified mafic glasses are more intensely altered in most cases
whereas the green-yellow devitrified glasses tend to be better preserved. That said, we
note the absence of truly unaltered glass. While some clasts might initially seem
preserved, closer inspection shows their alteration to clay minerals and a hydrated,
cryptocrystalline, colloidal, smectite-like phase, palagonite (Stroncik and Schmincke,
2002).

2.6.4

Comparison to the Yaxcopoil-1 core and the Ries crater,
Germany

Previous work on the Chicxulub hydrothermal system preserved in the 100 meterthick impactite sequence of the Yaxcopoil-1 core (i.e., Units 1-6) (Kring et al., 2004;
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Zürcher and Kring, 2004) documents alteration assemblages similar to those described
here for the peak-ring. Both regions of the crater preserve an early stage, K-metasomatic
event, followed by zeolite, clay mineral and later-stage carbonate mineralization that is
pervasive through the impact melt-bearing breccias and melt rocks, and which becomes
more intense proximal to unit contacts. A similar alteration regime has been documented
for the Ries crater, Germany; the glass-rich matrix of its crater-fill suevites is pervasively
altered to a mixture of clay minerals, zeolites, and carbonates, and records peaktemperatures of ~300 C (Osinski, 2005a; Muttik et al., 2010; Sapers et al., 2017). The
pervasive nature of alteration in these craters has been interpreted as a product of (1) their
size, which ensured production of a widespread, long-lived heat source in the form of
significant amounts of impact melt-bearing breccias and impact melt rock, and (2) the
presence of a significant fluid reservoir. In the Ries crater, this fluid reservoir was
provided by a post-impact crater lake; at Chicxulub, this reservoir could have been
provided initially by seawater inundation immediately following the event, followed by
meteoric water at later stages (Perry et al., 1995).
Despite consistent evidence for sustained, relatively high-temperature hydrothermal
alteration of the Chicxulub crater (Ames et al., 2004; Kettrup et al., 2000; Zürcher and
Kring, 2004; Kring et al., 2020), there has been no drilling discovery to date of a
significant body of impact melt fueling this alteration. The thin (~26 m-thick) melt layer
at the base of the peak-ring impactite sequence observed in the present study could not
have sustained the conditions required for the ubiquitous higher temperature phases
preserved here (i.e. zeolites, K-metasomatism). However, geophysical measurements and
previous drilling expeditions, including this one, suggests the impact melt preserved
within peak-ring core forms the outer edge of a much larger, ~3 km-thick body of melt
centralized within the inner crater basin (Ames et al., 2004; S. Gulick et al., 2017a, b;
Zurcher and Kring, 2004; 2005). Formation of the higher temperature phases observed
here is consistent with a dynamic model involving fluid migration from such a central
melt sheet during the earlier stages of cooling (e.g., comparable to the model described in
Abramov and Kring, 2007). The origin of the pervasive, lower-temperature
mineralization (i.e. clay minerals, carbonates) as products of impact-related hydrothermal
or more recent, ambient conditions remains debatable and would benefit from additional

80

geochemical and isotopic analysis (e.g., Zurcher and Kring, 2005; Muttik et al., 2010).
We suggest that any dynamic, multi-phase conceptual model for hydrothermal alteration
in Chicxulub should include the possibility of much later, post-impact regional fluid
events.

2.7 Conclusions
The Chicxulub peak-ring was affected by post-impact hydrothermal alteration. This
study documents the secondary minerals preserved within the devitrified glass-bearing
breccias of Unit 2, and their chemical composition, textures, and relationships. From
these observations, the following conclusions can be made.
First, the alteration assemblages are dominated by alkali feldspars (var. K-feldspar,
albite and anorthoclase), zeolites, Fe-Mg smectite and carbonates. The relationships and
composition of these phases indicate that relatively high temperatures (>300 C) were
dominant initially, and that the system was alkaline to intermediate in composition. The
abundant devitrified impact glass throughout Unit 2 was highly susceptible to alteration.
This material was likely the initial, leading source for the pervasive, abundant high Si-Al
minerals documented here; these products and the processes that formed them are
comparable to those associated with alteration of volcanic glass. The types of alteration
are more or less consistent mineralogically through the subunits. The intensity of
alteration, however, increases approaching the underlying melt unit and correlates with
zones of higher porosity and permeability; these intervals are the most pervasively altered
as demonstrated by the clay mineral-rich, friable breccias in the mid-lower intervals of
Unit 2B, ~30 m above the impact melt interval (Unit 3).
While a direct lithologic comparison cannot be made to the Yaxcopoil-1 core, which
sampled the annular trough region between the peak-ring and outer rim of the crater, the
mineralogy and conditions documented in the upper peak-ring are similar and both
exhibit alteration controlled, in part, by geologic contacts and host rock permeability.
Analysis of both drill cores further require a significant additional heat source, as the
alteration in these cores could not have been sustained by local melt bodies/glass alone.
This observation supports the hypothesis that the hydrothermal system preserved inside
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the Chicxulub crater was complex and likely required multiple stages involving impactinduced and perhaps regional-scale fluid events.
Our study of the Chicxulub peak-ring provides another example of highly pervasive,
intense alteration of glass-rich impact deposits. This reinforces the growing recognition
that impact-generated hydrothermal systems are developed in large craters. Targets that
contain a readily available, substantial fluid source can sustain alteration for long periods
of time, possibly up to a few million years. We hypothesize that the paleoenvironmental
conditions within the Chicxulub peak-ring hydrothermal system were favorable for
hosting thermophilic microbial life, similar to that known for submarine hydrothermal
systems and other impact systems. Impact structures showing evidence for hydrothermal
alteration may, therefore, be important environments to search for past life on Mars and
other hydrous terrestrial bodies in our Solar System (cf., Parnell et al., 2012; Sapers et
al., 2014; Simpson et al., 2017; Osinski et al., 2020a, and refs therein).
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Chapter 3

3

Hydrogen and oxygen isotope geochemistry of
secondary clay minerals through the Chicxulub impact
crater upper peak-ring

3.1 Abstract
Impact-generated hydrothermal alteration is a feature of the 66 Ma, ~180 km Chicxulub
impact structure in the northern Yucatán peninsula and southern Gulf of Mexico. The
most recent drilling campaign – International Continental Scientific Drilling Program
(IODP–ICDP) Expedition 364 at site M0077A (21.45° N, 89.95° W) – sampled the peakring structure. Secondary clay minerals are especially pervasive throughout the upper
peak-ring lithologies as a product of altered glass that was ubiquitous throughout the
impact melt and melt-bearing breccia sequence. Here we present the first detailed study
of the clay mineralogy (microprobe, pXRD, UV-VISIR) and isotope geochemistry (δ2H
and δ18O) of the <0.2 µm size- fraction from upper peak-ring lithologies. The clay
mineralogy varies with stratigraphic position in the core; hydroxy-interlayered
trioctahedral Mg-Fe smectites (var. saponite) are the most common clay mineral group in
Units or subunits 2A, 2C, 3 and 4, with traces of illite and chlorite also detected. As host
rock porosity and permeability increases towards the mid to lower intervals of Subunit
2B, the smectites gradually become more dioctahedral and aluminous (var.
montmorillonite). The δ18O (+10.4 to +18.6 ‰) and δ2H (–105 to –87 ‰) of these clay
minerals suggest that meteoric water-dominated, Gulf Coast brines were the predominant
fluid source during smectite formation at low temperatures (~15 to 50°C). The limited
variation in smectite δ2H contrasts with the wide range of smectite δ18O; the latter
changes systematically with mineralogy and host rock porosity and permeability.
Intervals with a significant component of dioctahedral smectite have higher δ18O (+14.2
to 18.6 ‰) whereas less porous and permeable intervals dominated by trioctahedral
smectite have lower δ18O (+10.4 to +14.1 ‰). This difference reflects changes in clay
mineral crystal chemistry, formation temperature and W/R ratio.
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3.2 Introduction
Impact cratering is the most common geological process affecting the surface of
solid bodies throughout our Solar System and plays a substantial role in recycling crustal
materials, providing an exogenic source of heat to tectonically ‘dead’ bodies and
preserving evidence for water on ancient terrains (Naumov, 2005; Osinski et al., 2013).
Despite their catastrophic consequences, impacts into water-bearing terrestrial targets
have the potential to initiate transient hydrothermal environments that may be conducive
to the development of microbial communities (e.g., Naumov, 2005; Kirsimäe and
Osinski, 2012: p. 76; Osinski et al., 2020a). Approximately one-third of craters on Earth
contain extinct hydrothermal systems, a few of which show fossil and geochemical
evidence for having hosted life. Impact cratering is hypothesized to also have this effect
on other aqueous terrestrial planets and satellites. Impact structures are therefore
attractive targets in the search for extant or extinct exolife, and water.
The most common evidence for previously or presently hydrous environments on
the surface of Earth and other terrestrial planets and satellites is the presence of hydrated,
or water-bearing, minerals. Planetary surfaces rich in phyllosilicates (e.g., Mars),
especially, are prime targets for current and future exploration landing sites as such
phases indicate previously or presently hydrous environments. Phyllosilicates are also
excellent paleoenvironmental indicators, given their ability to preserve information on
fluid chemistry and temperature (Brindley and Brown, 1980; Ehlmann et al., 2014;
Bristow et al., 2018). The forthcoming Mars 2020 and ExoMars 2022 mission landing
sites, for example, were chosen, in part, due to their abundance of clay minerals.
Additionally, clay minerals with high surface to volume ratios (i.e., the smectite group)
can act as foundations for the synthesis of prebiotic organic materials (Cockell, 2006).
Development of clay minerals in impact settings on Earth and Mars, especially
within the context of impact-generated hydrothermal systems, is complex due to their
large range of possible formation conditions. Clay minerals are found in craters on Earth
and across the surface of Mars but are commonly not preserved in situ or are overprinted
by pre- and/or post-impact tectonism or weathering. Previous analogue studies focusing
on the formation conditions of clay minerals in impact settings on Earth are limited. One
such example is the Ries crater, Germany (Newsom, 1986; Osinski et al., 2005; Muttik et
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al., 2010; Sapers et al., 2017). Muttik et al. (2010) cite isotopic evidence for both surficial
alteration and a relatively higher temperature hydrothermal origin for smectite and
chlorite within crater-fill impactites, as well as a primarily meteoric origin for fluids.
Sapers et al. (2017) presents mineralogical evidence for a hydrothermal origin for clay
minerals within the ejecta deposits beyond the crater rim.
The Chicxulub impact is notorious as the principal cause of the CretaceousPaleogene global mass extinction (Hildebrand et al., 1991; Kring, 2007). That said, recent
work on Chicxulub has also revealed that a widespread hydrothermal system developed
within the crater in the aftermath of the impact (Ames et al., 2004; Zürcher and Kring,
2004; Kring et al., 2020; Simpson et al., 2020). In addition to other mineral phases that
indicate peak hydrothermal temperatures of ~400°C, these investigations also noted
pervasive clay mineralization throughout all impact lithologies, which has been attributed
to alteration of the ubiquitous impact glass.
In this contribution we examine the mineralogy and hydrogen (δ2H) and oxygen
(δ18O) isotope geochemistry of secondary clay minerals preserved in the Chicxulub
impact structure peak-ring, using the recently acquired drill core of joint IODP–ICDP
Expedition 364 at site M0077A (21.45° N, 89.95° W) (Morgan et al., 2016; Gulick et al.,
2017a) (Fig. 3.1). These data provide insight into the types of secondary clay minerals
formed within such impact settings and the conditions that lead to their formation, and
reveal information about the post-impact alteration that affected the Chicxulub peak-ring.
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Figure 3.1: (A) Simplified cross section of the Chicxulub peak-ring modified from
Vermeesch and Morgan (2004), showing the outer rim region, annular trough, peakring, central basin, and the location of the drill core collected at site M0077A. Also
shown is the location of the Yaxcopoil-1 core. (B) Location of the Chicxulub impact
structure in the Gulf of Mexico and northern Yucatán peninsula. (C) Cross section
through the Chicxulub peak ring based on seismic reflection profiles, showing
location of the M0077A drill core relative to the surrounding material and crater
structure, as modified from Christeson et al. (2018).

3.3 Geological setting
The ~180 km, 66 Ma Chicxulub impact structure located in the northern Yucatán
peninsula and Gulf of Mexico marks the end of the Cretaceous period. Despite the
impact’s deleterious effects on Earth, recent evidence shows that life recovered within
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30,000 years (Lowery et al., 2018). The hydrothermal system generated within Chicxulub
has been investigated previously using drill core collected from several locations. Most
recently, Expedition 364 to the peak-ring in 2016 at site M0077A (21.45° N, 89.95° W)
(Fig. 1), conducted jointly by the International Ocean Discovery Program (IODP) and
International Continental Scientific Drilling Program (ICDP), recovered ~830 m of
continuous core (Morgan et al., 2016; Gulick et al., 2017a, b; Kring et al., 2020; Simpson
et al., 2020). This core from the peak-ring comprises ~587 m of altered granitoid
basement (lowermost core section, Unit 4), overlain by a ~26 m layer of impact melt
(Unit 3, A-B) and ~104 m of gradational, fining upwards, impact melt-bearing breccias
(Unit 2, A-C); these units were buried rapidly by ~617 m of post-impact sediments
(uppermost, Unit 1) (Fig. 3.1) (Gulick et al., 2017a, b; Osinski et al., 2020b).
Impact-generated hydrothermal alteration is a well-documented feature of the
Chicxulub peak-ring. The most recent studies by Kring et al. (2020) and Simpson et al.
(2020) (Chapter 2, this thesis) reveal a diverse suite of secondary minerals that suggest an
evolving hypogene-supergene water-rock system that was initially alkaline-saline,
comparable to seawater-basaltic glass alteration. Peak temperatures reached ~400°C in
the earliest stages, as indicated by crystallization of secondary garnets within the impact
melt unit (Unit 3), but generally remained relatively low (<250°C) throughout the
duration of the cooling phase (Kring et al., 2020; Simpson et al., 2020). Alteration in the
upper peak-ring impactites is characterized by Mg-Fe clay minerals, zeolites, garnets,
alkali feldspars and carbonates together with lesser amounts of sulfides, sulfates and FeTi oxides. Clay minerals are especially ubiquitous through the impact melt-bearing
breccias and impact melt rocks due to the alteration of high amounts of metastable
silicate glass (Simpson et al., 2020).
Previous studies focusing on secondary alteration at Chicxulub have noted the
pervasiveness of smectite and general absence of chlorite throughout melt-bearing impact
breccias and melt rocks (Ames et al., 2004; Kring et al., 2004; Zürcher and Kring 2004,
2005). Zürcher and Kring (2005), who studied samples from the Yaxcopoil-1 core taken
from the annular trough region, obtained bulk silicate δ2H and δ18O that indicated
relatively low temperatures and a varied origin for fluids including seawater and Gulf
Coast brines. These results, however, represent an isotopic average for all oxygen-bearing
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silicates and all hydrous minerals in each sample. Additionally, the geology, location and
structure of annular trough studied by Zürcher et al. (2005) is much different from that of
the peak-ring. Conditions of alteration may have been different in these two locations.
Here we focus on characterizing the clay mineralogy through the upper peak-ring,
in the melt-bearing breccias and melt rocks of Units 2-4 (619-756 mbsf) (Fig. 3.1) and
determining the conditions that led to clay mineral formation. The δ2H and δ18O of the
clay minerals are also used to infer the fluid sources and temperatures that affected clay
mineral formation in the peak-ring. Together with previous studies, these results build
towards a more robust model for clay mineral formation and hydrothermal circulation
within Chicxulub, and by extension, large impact structures on Earth and other hydrous,
terrestrial planets and satellites.

3.4 Methods
3.4.1

Scanning electron microscopy/microprobe analysis
Samples were selected for clay mineral separation and isotopic analysis from the

impact melt-bearing breccias and melt rocks of Units 2, 3 and 4 (Gulick et al., 2017a, b;
Morgan et al., 2016) at relatively regular intervals throughout the core. Polished and
carbon-coated thin sections were examined using a JEOL JXA-8900 L electron
microprobe in the Earth and Planetary Materials Analysis Laboratory at the University of
Western Ontario. Beam operating conditions were 15 kV with a current of 10 nA and 5
µm diameter spot size. The rough surfaces of additional samples determined to be too
fragile for traditional polished thin-section preparation were analyzed at Western’s
Nanofabrication Facility; these were coated with Os and examined using a LEO Zeiss
1540XB Scanning Electron Microscope (SEM) with beam operating conditions between
3 and 30 kV. Non-coated polished thin sections were examined for optical microscopy.

3.4.2

Separation of the <2 µm and <0.2 µm size-fraction, and Xray diffraction and spectral analytical methods
Following initial characterization using electron microscopy, 26 samples were

selected for clay mineral analysis, which was performed at Western’s Laboratory for
Stable Isotope Science (LSIS). The <2 µm and <0.2 µm size-fractions were separated
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from powdered whole-rock drill cuttings following the techniques of Libbey et al. (2013);
samples were treated with 6 % sodium hypochlorite in a 65°C water bath overnight to
oxidize any residual organic matter, which also caused Na+ to become the dominant
exchangeable cation on the clay minerals. Separate aliquots of the <2 µm size fraction
were saturated with 2M KCl and CaCl2 solutions overnight, causing K+ and Ca2+ to
become the dominant exchangeable cations.
Powder X-ray diffraction (pXRD) patterns were obtained for each subsample in
order to identify clay minerals using the following protocol adapted from Ignasiak et al.
(1983) and McKay and Longstaffe (2013). First, an aliquot of each <0.2 µm separate
was dispersed in deionized water and pipetted onto glass slides to achieve a preferred
basal orientation of the clay minerals. This sample was air-dried to preserve its preferred
orientation of platy phases, and then dried at 107°C overnight to achieve 0 % relative
humidity (RH). The pXRD was then performed on the sample while it was still hot. The
same aliquot was then equilibrated at 54 % RH overnight at room temperature and
analyzed by pXRD. This was followed by heating at 300°C for at least 3 hours prior to
pXRD, and then heating at 550°C for at least 2 hours, followed by pXRD. A separate,
preferred-oriented aliquot was also analyzed by pXRD after overnight, room temperature
equilibration at 54 % RH, and then following overnight vapor-solvation with ethylene
glycol (EG) at 65°C and further equilibration at room temperature with EG for at least 24
hours (Brindley, 1966; Brindley and Brown, 1980; Mosser and Charpentier, 2005). The
same approach was used for the <2 µm separates, except that a Ca-saturated aliquot was
used for pXRD at 54% RH followed by EG, and a K-saturated aliquot was analyzed in
the order 0% RH, 54% RH, 300°C and 550°C.
The pXRD of randomly oriented samples was used to determine the b-parameters
of the clay assemblages. Random orientation was achieved by gentle front-packing of an
aliquot of the air-dried, <0.2 µm size-fraction or K-saturated <2 µm size-fraction into a
glass holder containing a small, roughened divot for the sample.
The pXRD scans were performed using a high-brilliance Rigaku Rotaflex RU200B series diffractometer, equipped with a Co rotating-anode source operated at 160
mA and 45kV and a graphite monochromator, to achieve K- radiation. Samples were
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scanned from 2 to 82° 2 (EG), 2 to 42° 2 (0 % RH, 54 % RH, 300°C and 550°C) and
58 to 78° 2 (d(060), i.e., b-parameter) at 2° 2/min, using a step size of 0.02° 2
Spectral analysis was performed on hand samples as well as the <0.2 μm sizefraction using a handheld ASD FieldSpec 4-point spectrometer, with a ~0.5 cm spot size
(active detection, integrated light source) over 0.35 to 2.5 μm (UV-VNIR) ranges; these
were compared to USGS laboratory spectra (Clark et al., 2007).

3.4.3

Isotopic analysis
Oxygen isotope analyses were performed on the clay minerals at Western’s

Laboratory for Stable Isotope Science (LSIS) following the methods of Clayton and
Mayeda (1963) and Borthwick and Harmon (1982). Briefly, ~7.5 mg of sample and
standard powder was placed into spring-loaded sample holders and then heated under
vacuum at 150°C for 12 hours to remove as much interlayer and surface water as
possible. Samples and standards were then loaded into nickel reaction vessels, where they
were heated at 150°C for an additional 3 hours under vacuum to remove any remaining
bound water. A stoichiometrically sufficient excess of ClF3 was then added to the
reaction vessels by cryogenic transfer (N2(l)), after which the reaction vessels were again
exposed to active vacuum to remove any non-condensable gases, then sealed and reacted
overnight at 550°C. Oxygen was separated from waste reagent and other compounds
using N2(l), and then converted to CO2 over red-hot carbon for oxygen isotope analysis.
The oxygen isotope analyses were performed using a VG Optima triple-collecting, dualinlet isotope-ratio mass-spectrometer (IRMS). Oxygen isotope data are reported in δnotation in parts per thousand (‰) relative to Vienna Standard Mean Ocean Water
(VSMOW). The combined average reproducibility for the <2 and <0.2 µm samples was
±0.10 ‰ (n=3). Accuracy was tested using VSMOW-SLAP calibrated internal
laboratory quartz (ORX), kaolinite (KGa-1) and CO2 gas standards yielding δ18O of
+11.52±0.04 ‰ (average, n=5), +21.33±0.46 ‰ (average, n=4) and +10.15±0.04 ‰
(average, n= 5), respectively, which compares well with their accepted values of +11.5
‰, +21.5 ‰ and +10.2 ‰, respectively.
The δ2H of the <0.2 µm size-fraction was obtained using a Thermo ScientificTM
Thermal Combustion Elemental Analyzer (TC-EA) coupled in continuous flow (CF)
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mode to a Thermo Scientific Delta XL PlusTM IRMS. Approximately 1.6 mg of sample
and 2.5 mg (USGS 58) to 3.5 mg (USGS 57 and GBS) of standard powders were
weighed into individual 5 x 3.5 mm silver capsules that were then gently folded close,
and heated at 220°C under vacuum for 24 hours to remove interlayer and adsorbed water
prior to isotopic analysis. The samples and standards were then transferred rapidly (<4
min) into a Costech Zero Blank autosampler, which was sealed and purged with He for at
least 5 minutes. The samples and standards were then combusted at 1450°C in a glassy
carbon reactor following best practices as described by Sharp et al. (2001), VanDeVelde
and Bowen (2013), Bauer and Vennemann (2014) and Qi et al. (2017). The resulting H2
gas was isolated and purified using a heated (120°C), 1 metre-long, ¼ stainless steel gas
chromatographic (GC) column packed with 0.5 nm molecular sieves, and carried in He to
the IRMS. Kanik and Longstaffe (2019) showed that this protocol produces highly
accurate and reproducible results for swelling and non-swelling clay mineral standards.
The hydrogen isotope data are reported in δ-notation in parts per thousand (‰)
relative to Vienna Standard Mean Ocean Water (VSMOW). The average reproducibility
for the <0.2 µm size-fraction samples was ±1.6 ‰ (n=4). Calibration to the VMOWSLAP scale was achieved using USGS 57 (biotite) and USGS 58 (muscovite), which
have accepted δ²H of –91.5 ‰ and –28.4 ‰, respectively (Qi et al., 2017), and which
were reproducible to ±0.9 ‰ (SD, n=5) and ±1.1 ‰ (SD, n=5), respectively, during this
study. Accuracy was evaluated using a VSMOW-SLAP calibrated laboratory internal
standard (GBS biotite: average δ²H = –65.2±1.2 ‰; SD, n=5) as compared to its longterm running value of –63.5±2 ‰.
Hydrogen isotope analysis of ~70 mg aliquots of the <2 µm size-fraction from
five Chicxulub clay mineral separates was also performed using classical methods
(Godfrey, 1962; Kyser and O’Neil, 1984). Calibration was achieved using laboratory
standards LSD (water) and HEAVEN (water), which have VSMOW-SLAP calibrated
δ²H of –161.8 ‰ and +88.7 ‰, respectively. Hydrogen was extracted from these
standards using the same classical approach as utilized for the <2 µm separates. LSD and
HEAVEN were reproducible to ±2.7 ‰ (SD, n=4) and ±2.6 ‰ (SD, n=4), respectively.
Accuracy was evaluated using the same classical approach in the analysis of a VSMOWSLAP calibrated laboratory water standard (EDT; accepted δ²H = –56 ‰) and KGa-1
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kaolinite (accepted δ²H = –57 ‰). Measured δ²H for EDT (–56.0±2.0 ‰; SD, n=17) and
KGa-1 (–57.0±3.2 ‰; SD, n=4) matched accepted values. Reproducibility was ±2 ‰ for
one <2 µm separate analyzed in duplicate.
For the purposes of comparison, hydrogen isotope results were obtained for both
the <2 and <0.2 µm size-fractions of five samples. Similar values of δ2H (within 1 to 4
‰) were obtained for any particular sample, and the mean δ2H results for these five
samples were identical (< 2 µm: –98.8 ± 2.7 ‰; <0.2 µm: –98.6 ± 1.2 ‰; Table 3.1),
notwithstanding the different size-fractions and methods used to obtain the data

3.5 Results
3.5.1

Clay textural relationships
Microprobe data indicate that these clay minerals are predominantly Fe-Mg rich;

smaller quantities of Al-K Clay mineral varieties are also present (Fig. 3.2); these clay
minerals are largely associated with the abundant clasts of altered impact glass (Fig. 3.3)
but also occur within the clastic matrix and pore space in melt clasts and matrix of melt
rocks. Indeed, where glass clasts are less abundant in the Unit 3 melt rocks, the clay
minerals occur primarily in the intracrystalline melt matrix or within pore space of
secondary carbonate and silicate minerals (Fig. 3.3F). The clay minerals commonly form
banded alteration patterns and layers in altered glass clasts and along relict schlieren
textures (Figs. 3.3C-E). Clay minerals also have crystallized in concentric ‘budding’
patterns in altered glass, similar to those observed in the Ries crater, Germany (Osinski,
2003) (Figs. 3.2, 3.3). In addition to the larger, morphologically more crystalline clay
minerals, altered glass clasts are also composed of texturally nondescript, nanocrystalline material similar in chemical composition to smectite, here referred to as
palagonite. In transmitted light this glassy material ranges in color from green to brown,
and commonly displays melt immiscibility textures between Na-Si-Al rich (felsic) and
Fe-Mg, Si-poor (mafic) endmembers (Simpson et al., 2020) (Chapters 2 and 4, this
thesis).
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Figure 3.2: WDS element maps of altered glass clast in sample 84R-3, 13-14 cm
(~717 mbsf), Subunit 2C, showing K-Al bearing smectite (K-Al smc), or possibly
illite, Mg-Fe smectite (Mg-Fe smc), and hydrated glass, palagonite, (Pal).
Abbreviations: Al = aluminum; Fe = iron; K= potassium; Mg = magnesium.

102

Figure 3.3: Back-scattered electron images (A and B) of altered glass clast from
sample 61R-2, 42-43 cm, (680 mbsf), Subunit 2B, showing two distinct sizes of clay
minerals/clay-like material; (1) denotes saponite and (2) a poorly crystalline
“smectitic” material; (C) sample 41R-1, 0-2 cm (619 mbsf), Subunit 2A, showing
different sizes of clay minerals (1 and 2) and Fe-Ti oxides; (D) sample 41R-1, 0-2 cm
(619 mbsf), Subunit 2A, showing Fe and Mg-rich saponite and/or nontronite (Sap +
Non), and secondary calcite (Cal); (E) sample 46R-2, 44-45 cm (636 mbsf), Subunit
2A, showing saponite (Sap) and a much finer grained, poorly crystalline material,
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palagonite (Pal) that crystallized along relict schlieren textures in altered glass; and
(F) sample 100R-1, 30-32 cm (757 mbsf), Unit 4, showing saponite (Sap) within the
intercrystalline matrix of impact melt.

3.5.2

pXRD analysis and clay mineralogy
The <0.2 µm size-fraction is characterized by both tri- and dioctahedral smectite

group minerals that show evidence of also containing some hydroxy-interlayer material
(HIM); trace amounts of illite and chlorite, were also detected. The clay mineralogy of
the <2 µm size fraction was the same as the <0.2 µm size fraction equivalent, with the
exception that the larger size fraction contained higher amounts of calcite. The <0.2 µm
size fraction represents a much purer clay mineral endmember, which was ideal for
isotopic analysis. The pXRD data for the <0.2 µm size fraction samples, all of which
were Na-saturated, are in agreement with spectral analysis, which indicates the presence
of both Al- and Fe-Mg smectite group minerals. The pXRD analyses of <0.2 µm sizefraction in all subunits show a consistent first-order basal spacing, d(001), of ~1.648 to
~1.670 nm for EG-solvated samples, indicating the presence of primarily smectite group
minerals.
The majority of samples maintained at 54 % RH have d(001) ≈ 1.432 to 1.491 nm
throughout all subunits. These samples failed to collapse completely when dried (0 %
RH), displaying instead a broader, possibly composite, d(001) of ~1.05 nm and/or
pronounced low-angle asymmetry for the 1 nm diffraction (e.g., Figs. 3.4, 3.5). A few
samples, however, have d(001) ≈ 1.25 nm after equilibration at 54 % RH; they are from
intervals proximal to lithostratigraphic unit contacts in Unit 4, and between Unit 3 and
Subunit 2C, Subunits 2C and 2B, and Subunits 2B and 2A. The d(001) in these samples
collapsed to ~0.98 nm when dried (0 % RH) (e.g., Figs. 3.6, 3.7). All samples collapsed
to 0.96 - 0.98 nm when heated at 300ºC and then 550 ºC (e.g., Figs. 3.4-3.7).
Assemblages containing a significant dioctahedral clay mineral component (see below),
however, exhibit minor, low angle asymmetry on the d(001) and higher backgrounds at
still lower 2 (2° to 10°; e.g., Fig. 3.5).
The smectite group d(060) varies from 0.149 to 0.154 nm. The lower portion of
the core is dominated by trioctahedral smectite group minerals (d(060) ≈ 0.153 nm).
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There is then a transition to mostly dioctahedral smectite group minerals (d(060) ≈ 0.150
nm) in Subunit 2B between 708 and 686 mbsf, which has much higher porosity and
permeability (Christeson et al., 2018). A trioctahedral smectitic clay mineral (d(060) ≈
0.153 nm) is still present, albeit in less abundance. Above this position and through
Subunit 2A, the assemblage reverts to a primarily trioctahedral smectite group mineral
(d(060) = 0.153 to 0.154 nm).
Reflectance spectral data correlate well with the changes observed in by pXRD.
Samples dominated by trioctahedral smectite group minerals display a strong absorption
feature at 2317 nm, typical of Mg-OH bonding (Bishop et al., 2008), and weaker
absorption features at 2217 and 2237 nm, indicative of Al-OH bonding (e.g., sample
47R-2, Fig. 8). Core intervals containing both tri- and dioctahedral smectite group
minerals, as determined by pXRD, have much weaker absorptions at 2317 nm and much
stronger absorptions at 2217 and 2237 nm (e.g., sample 72R-2, Fig. 3.8). All samples
showed absorptions at 1460 and 1911 nm, which are representative of hydroxylation and
hydration (H2O), respectively (Bishop et al., 2008).
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Figure 3.4: (A) X-ray diffraction (pXRD) data for the <0.2 µm size-fraction from
sample 46R-2, 42-45 cm (636 mbsf), Subunit 2A, showing scans with a preferred
basal plane orientation of clay minerals after glycolation (EG) (pXRD for initial 54
% relative humidity (RH) scan not shown), and for a separate aliquot, after drying
to 0 % RH, followed by rehydration at 54 % RH, followed by heating to 300°C and
then to 550°C; (B) unpolished, cut surface of this sample; and (C) d(060) pXRD data
for a randomly oriented <0.2 µm aliquot of this sample.
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Figure 3.5: (A) X-ray diffraction (pXRD) data for the <0.2 µm size-fraction from
sample 72R-2, 12-13 cm (699 mbsf), Subunit 2B, showing (A) scans with a preferred
basal plane orientation of clay minerals after glycolation (EG) (pXRD for initial 54
% relative humidity (RH) scan not shown), and for a separate aliquot, after drying
to 0 % RH, followed by rehydration at 54 % RH, followed by heating to 300°C and
then to 550°C; (B) unpolished, cut surface of this sample; and (C) d(060) pXRD data
for a randomly oriented <0.2µm aliquot of this sample.
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Figure 3.6: (A) X-ray diffraction (pXRD) data for the <0.2 µm size-fraction from
sample 85R-1, 71-73 cm (717 mbsf), Subunit 3A, showing scans with a preferred
basal plane orientation of clay minerals after glycolation (EG) (pXRD for initial 54
% relative humidity (RH) scan not shown), and for a separate aliquot, after drying
to 0 % RH, followed by rehydration at 54 % RH, followed by heating to 300°C and
then to 550°C; (B) unpolished, cut surface of this sample; and (C) d(060) pXRD data
for a randomly oriented <0.2µm aliquot of this sample.
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Figure 3.7: (A) X-ray diffraction (pXRD) data for the <0.2 µm size-fraction from
sample 99R-1, 47-49 cm (756 mbsf), Unit 4, showing scans with a preferred basal
plane orientation of clay minerals after glycolation (EG) (pXRD for initial 54 %
relative humidity (RH) scan not shown), and for a separate aliquot, after drying to 0
% RH, followed by rehydration at 54 % RH, followed by heating to 300°C and then
to 550°C; (B) unpolished, cut surface of this sample; and (C) d(060) pXRD data for
a randomly oriented <0.2µm aliquot of this sample.
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Figure 3.8: VISNIR wavelength spectral reflectance of samples 47R-2 (639 mbsf),
Subunit 2A, and 72R-2 (699 mbsf), Subunit 2B. USGS mineral standards are shown
for comparison: Saponite SapCa-1 (W1R1Bb AREF); Montmorillonite CM20
(W1R1Bb AREF); Nontronite NG-1.b <2um fr (W1R1Bb ARE), and Opal TM8896
(Hyalite) (W1R1Ba ARE).

3.5.3

δ18O and δ2H of the <0.2 and <2 µm size-fractions
The oxygen isotope results for the <0.2 µm and <2 µm size-fraction range from

+10.4 to +18.6 ‰ (Table 3.1; Figs. 3.9a-b). As illustrated in Figure 3.10, these data
covary with changes in host rock porosity and clay mineralogy; the highest values of
δ18O are associated with mixed di- and trioctahedral smectite group assemblages whereas
the lowest are associated with intervals dominated by trioctahedral smectitic clay
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minerals (Fig. 3.10). There is little to no difference in the isotopic composition of the
<0.2 µm and <2 µm size fractions for both oxygen and hydrogen. The hydrogen isotope
results vary between –105 and –87 ‰ but do not covary with host rock physical
properties, lithology, clay mineralogy or depth, but rather show only limited variation
through the impactite sequence (Table 3.1; Fig. 3.10).

Table 3.1: δ2H and δ18O results for the <0.2 and <2 µm size-fractions
<0.2 µm size fraction

<2 µm size fraction

δ2H (‰,

δ18O (‰,

δ2H (‰,

δ18O (‰,

Stratigraphy1

mbsf

VSMOW)

VSMOW)

VSMOW)

VSMOW)

2A

629

–105

+10.9

–102

+11.4

636

–101

+11.4

–97

+11.0

640

–101

+11.7

–100

+11.3

645

n/a

+11.7

n/a

n/a

648

–99

+11.2

n/a

n/a

658

–98

+10.4

n/a

n/a

663

–96

+11.5

–99

+10.5

666

–90

+12.7

n/a

n/a

672

–96

+12.2

n/a

n/a

679

–96

+13.0

n/a

n/a

680

–97

+13.1

n/a

n/a

686

–94

+18.2

n/a

n/a

688

–95

+14.2

n/a

n/a

696

n/a

+18.6

n/a

n/a

699

–97

+18.6

n/a

n/a

700

–104

+16.6

n/a

n/a

702

–95

+18.5

n/a

n/a

704

n/a

+16.8

n/a

n/a

706

–98

+17.9

n/a

n/a

708

–96

+16.2

n/a

n/a

2B

111

2C

3A

3B

4
1

713

–99

+11.0

n/a

n/a

715

–91

+14.1

–95

+13.6

717

–88

+12.1

n/a

n/a

721

–100

+12.3

n/a

n/a

726

n/a

+13.0

n/a

n/a

739

n/a

+12.0

n/a

n/a

744

n/a

+13.0

n/a

n/a

756

–92

+11.9

n/a

n/a

Stratigraphy defined by Morgan et al. (2016) and Gulick et al. (2017).

Replicate analyses shown in bold font.
mbsf = meters below seafloor.
n/a = not analyzed

3.6 Discussion
3.6.1

Clay mineralogy
The microprobe and pXRD analysis indicate that the <0.2 μm size-fraction

comprises predominantly Mg-Fe smectite group minerals and many samples display
properties consistent with the presence of HIM (Figs. 3.2-3.5). The clay mineralogy of
the <2 µm size fraction was virtually identical; hence only the <0.2 µm size fraction is
discussed further. HIM comprises octahedrally coordinated oligomers of OH- bound to a
cation, usually Al3+, Mg3+ or Fe2+/3+ that can fill or partially fill the interlayer space of 2:1
clay minerals. In its better crystallized forms, such material is sometimes referred to as
brucite- or gibbsite-like sheets (Brindley and Brown, 1980; Georgiadis et al., 2019).
Given its position in the interlayer space, HIM can limit or prevent collapse of smectite
during drying and may increase its d(001) at room temperature and 54 % RH (Georgiadis
et al., 2019). Typically, the d(001) of Na-saturated smectite expands to ~1.25 nm at 54 %
RH and collapses to 1.0 nm, when heated to 107°C (i.e., 0 % RH) (Brindley and Brown,
1980). In the present study, however, almost all clay minerals in Units 2 and 3 have a
d(001) of 1.47 to 1.50 nm at 54 % RH and show incomplete collapse towards 1.0 nm at 0
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% RH (Figs. 3.4-3.7). Sample 72-2 (Fig. 3.5), for example, shows low-angle peak
broadening of the d(001) and elevated background at still lower 2, which does not
disappear even when heated to 550°C (Fig. 5A). When glycolated, the dominant clay
minerals display a strong d(001) at 1.648 to 1.671 nm (Figs. 3.4-3.7), as well as higher
order diffractions, which are characteristic of smectite group minerals; d(001)s typical of
vermiculite or superstructure diffractions of regularly interstratified smectite-chlorite
were not observed (Brindley and Brown, 1980; Mosser and Charpentier, 2005).
Only a few samples showed the full range of d-spacings typical of smectites
unaffected by HIM. The <0.2 µm clay minerals separated from 666 mbsf (Subunit 2B,
impact breccia), 713 mbsf (Subunit 2B, impact breccia), 717 mbsf (Subunit 3A, impact
melt rock), 744 mbsf (Subunit 3B, impact melt rock) and 756 mbsf (Unit 4, basement
granitoid-hosted melt rock) have a d(001) of 1.25 nm at 54 % RH and exhibit relatively
complete collapse to 1.0 nm at 0 % RH (e.g., Figs. 3.6-3.7). These units, with the
exception of 756 mbsf, are proximal to lithologic contacts. In general, it is well
established that geologic contacts can facilitate higher fluid flow due to changes in
physical properties (Pirajno, 2009), increased permeability in particular.
The position of the d(060) shifts systematically throughout the core and correlates
well with changes in host rock porosity. The smectite group minerals are predominantly
trioctahedral (d(060) = 0.153 to 0.154 nm) in Units 4 and 3 and Subunit 2C, shifting to
mixed di-and trioctahedral (d(060) = 0.149 to 0.154) in the lower intervals of Subunit 2B
(~708-686 mbsf). The smectites then become predominantly dioctahedral between 705699 mbsf, before returning to trioctahedral (d(060) = 0.153 to 0.154 nm) in the upper
part of Subunit 2B and in Subunit 2A. There is no apparent, systematic correlation
between the presence of HIM and octahedral cation site occupancy.
Spectral analysis correlates well with the pXRD results. The <0.2 µm
assemblages dominated by dioctahedral smectite-group minerals (Fig. 3.5) display strong
absorptions indicative of Al-OH bonding, and a weaker absorption signaling Mg or FeOH bonding (Fig. 3.8). The opposite is true for trioctahedral-dominated smectite-group
assemblages (Fig. 3.8).
Microprobe data show that Fe-Al rich clay minerals are present in the intervals
with a stronger dioctahedral clay component, with lesser amounts of localized Al-K clay
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minerals usually associated with altered glass (Fig. 3.2). Given the pXRD data, therefore,
we suggest that the dioctahedral clay mineral component here is predominantly
montmorillonite, with a possible nontronite component. The more Mg-Fe rich,
trioctahedral clay component is saponite. The 2317 nm absorption feature observed in
spectral analysis is present in all clay minerals but is much sharper in the trioctahedral
intervals. This pattern likely reflects a shorter wavelength variance of Mg-OH. As the
number of Mg-OH bonds in clay minerals decreases and that of Fe-OH increases, the
bonding and stretching data generally shift to lower wavelengths (Bishop et al., 2008).

3.6.2

Formation of hydroxy-interlayered material (HIM) in the
peak-ring
Altered impact glass is abundant throughout the upper peak-ring lithologies. The

alteration pathway from glass to clay minerals is poorly understood, and there remains a
significant amount of a nano- to poorly crystalline, clay-like material in the peak-ring
breccias that has thus far defied classification (Figs. 3.2, 3.3A, B, E). It is possible that
the HIM-bearing smectite group minerals are an intermediate alteration phase as glass
hydration progressed. The proposed pathways for glass alteration generally begins with
hydration of the disordered silica tetrahedra network and the subsequent formation of an
intermediate phase that has short-range crystallinity (palagonite) (Seligman et al., 2016).
As alteration progresses, this material continues to polymerize to form phyllosilicates and
depending on the fluid chemistry eventually, other minerals (e.g., zeolites, alkali
feldspars) (Stroncik et al., 2002; Seligman et al., 2016). The processes that occur during
the formation of this intermediate phase between glass and clay minerals, and the
material itself, are poorly characterized. It is possible that the composition of the HIM
lies somewhere between amorphous glass and palagonite or a more-crystallized
phyllosilicate.

3.6.3

Fluid source and temperature estimates from isotopic data
As noted earlier, the δ18O (+10.4 to +18.6 ‰) of the dominantly smectite-group,

<0.2 µm size-fraction correlates well with tri- versus dioctahedral dominance in the clay
mineral assemblage, and in Subunit 2B, with changes in porosity (Fig. 3.11). By
comparison, the δ2H (–105 to –87 ‰) varies comparatively little throughout the section
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(Table 3.1, Fig. 3.11). Figures 3.9 and 3.10 illustrate the smectite-group isotopic data for
the upper peak-ring impact breccias and melt rocks in δ2H - δ18O space. The range of
oxygen isotope compositions obtained here for the <0.2 µm size-fraction is similar to that
obtained for bulk silicate samples from the Yaxcopoil-1 site by Zürcher et al. (2005). In
contrast, the hydrogen isotope compositions obtained for the <0.2 and <2 µm sizefractions (–105 to –87 ‰) are substantially lower those observed by Zürcher et al. (2005;
–54 to –34 ‰ (Figs. 3.9, -3.10). The latter results suggest that the water source
circulating in the peak-ring was not derived primarily from seawater or its evolved
equivalents.

Figure 3.9: Values of δ2H versus δ18O for smectite-group clay minerals (<0.2 μm size
fraction) from Chicxulub drilling site M0077A, and the respective fluid
compositions calculated for smectite-group clay mineral neoformation from 20 to
400C. The fluid isotopic compositions have been calculated for saponite (Sap) (Yeh
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et al., 1980; Buatier et al., 1995) and montmorillonite (Mont) (Yeh et al., 1980; Savin
and Lee, 1988), as summarized in the text. Also shown are the respective fluid
compositions calculated for chlorite from 50 to 400C, for comparison (Chl)
(Graham et al., 1984; Savin and Lee, 1988). The hydrogen and oxygen isotope
results obtained by Zürcher and Kring (2005) for bulk silicate samples of the
Yaxcopoil-1 (Yax-1) core are also shown. Various reference points and lines for the
isotopic composition of water are also illustrated, including: (i) average seawater
(✮), (ii) the Global Meteoric Water Line (GMWL) (Craig, 1961), (iii) the average (●)
and range for Local Meteoric Water (LMW) for the southern Gulf of Mexico region
(IAEA/WMO, 2020), (iv) modern Xcolac cenote waters, Mexico (Cen.: shallow +;
deep ✕) (Socki et al., 2002), and (v) the range for Gulf Coast brines and the
projected seawater evaporation trend, including compositions at 10x and 45x
seawater salinity (Knauth et al., 1980; Knauth and Beeunas, 1986; O’Neil et al.,
1986; Moldovanyi et al., 1993; see also Clayton et al. 1966). Two sets of clay mineral
oxygen and hydrogen isotope references lines are also shown: (i) the supergenehypogene line for saponite (Hyp-Sap), equivalent to saponite in equilibrium with
meteoric water at 35°C as summarized by Yeh (1980), Buatier et al. (1995),
Sheppard and Gilg (1996) and references therein, and the supergene-hypogene line
for montmorillonite (Hyp-Mont), equivalent to montmorillonite in equilibrium with
meteoric water at 35°C (Savin and Lee, 1988; Yeh, 1980); and (ii) the saponite
weathering line (20°C Sap), equivalent to saponite in equilibrium with meteoric
water at 20°C, following Savin and Epstein (1970), Yeh (1980) and Buatier et al.
(1995), and the weathering line for montmorillonite (20°C Mont), equivalent to
montmorillonite in equilibrium with meteoric waters at 20°C (Savin and Lee, 1988;
Yeh, 1980). Abbreviations: Di = dioctahedral; Tri = trioctahedral.
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Figure 3.10: Values of δ2H versus δ18O for smectite-group clay minerals (<0.2 μm
size fraction) from Chicxulub drilling site M0077A, and the respective fluid
compositions calculated for smectite-group clay mineral neoformation from 20 to
400C. Also shown are the respective fluid compositions calculated for chlorite from
50 to 400C (Chl), for comparison (Graham et al., 1984; Savin and Lee, 1988). The
fluid isotopic compositions have been calculated for saponite (Sap.) (Yeh et al., 1980;
Buatier et al., 1995), montmorillonite (Mont.) (Yeh et al., 1980; Savin and Lee,
1988), as summarized in the text. The hydrogen and oxygen isotope results obtained
by Zürcher and Kring (2005) for bulk silicate samples of the Yaxcopoil-1 (Yax-1)
core are also shown. Various reference points and lines for the isotopic composition
of water are also illustrated, including: (i) seawater (✮), (ii) the Global Meteoric
Water Line (GMWL) (Craig, 1961), (iii) the average (●) and range for Local
Meteoric Water (LMW) for the southern Gulf of Mexico region (IAEA/WMO,
2020), (iv) modern Xcolac cenote waters, Mexico (Cen.: shallow +; deep ✕) (Socki et
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al., 2002), and (v) the range for Gulf Coast brines and the projected seawater
evaporation trend, including compositions at 10x and 45x seawater salinity (see Fig.
9a for references). Two clay mineral oxygen and hydrogen isotope references lines
are also shown (see Fig. 9a for references): (i) the supergene-hypogene line for
saponite (Hyp-Sap), equivalent to saponite in equilibrium with Gulf Coast Brines at
35°C and the supergene-hypogene line for montmorillonite (Hyp-Mont), equivalent
to montmorillonite in equilibrium with Gulf Coast Brines at 35°C); and (ii) the
saponite “weathering” line (20°C Sap), equivalent to saponite formed in equilibrium
with Gulf Coast Brines at 20°C, and the “weathering” line for montmorillonite
(20°C Mont), equivalent to montmorillonite in equilibrium with Gulf Coast Brines
at 20°C. Abbreviations: Di = dioctahedral; Tri = trioctahedral.

Also shown on Figure 3.9 are supergene-hypogene lines (35°C) calculated for
saponite (Hyp-Sap) and montmorillonite (Hyp-Mont) formed in equilibrium with both
meteoric water (Fig. 3.9) and Gulf Coast brines (Fig. 3.10) (Yeh, 1980; Savin and Lee,
1988; Buatier et al., 1995). Results for clay minerals that plot to the right of these lines
likely formed at <35°C, whereas those that plot to the left likely formed at >35°C. Also
shown are lines calculated for saponite and montmorillonite (W-sap and W-mont,
respectively) formed in equilibrium with meteoric water (Fig. 3.9) and Gulf Coast brines
(Fig. 3.10) at 20°C – the temperature commonly employed to describe clay mineral
formation from meteoric water during weathering in terrestrial environments (Yeh, 1980;
Savin and Lee, 1988; Buatier et al., 1995).
The distribution of results for the <0.2 µm size-fraction relative to these lines
indicate relatively low temperature formation of these clay minerals. The δ2H and δ18O of
the trioctahedral-dominated <0.2 µm size-fractions are distributed along and between the
saponite supergene-hypogene (Hyp-Sap) and 20°C lines calculated for equilibrium with
meteoric water (Fig. 3.9a) (Sheppard and Gilg, 1996). That said, the trioctahedral clay
minerals also fall within the range expected for saponite formed in equilibrium with Gulf
Coast brines from 20 to 35°C (Fig. 3.10).
Samples from Subunit 2B that contain a significant component of dioctahedral
clay minerals plot the furthest to the right of the supergene-hypogene lines (Figs. 3.9,
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3.10), and trend towards the 20°C line (W-Mont) on Figure 3.9. These samples also
intersect the range expected for montmorillonite formed at 20°C in equilibrium with Gulf
Coast brines (W-Mont; Fig. 3.10). The higher δ18O of these more aluminous clay
minerals compared to the Mg- and Fe-rich trioctahedral smectites is in part due to the
effects of crystal chemistry on the preference for 18O (Si-O > Al-O > Mg-O and Fe-O)
(Savin and Lee, 1988). That said, formation of these dioctahedral clay minerals at lower
temperatures, and possibly much later than the trioctahedral smectites present in other
intervals, is also indicated, assuming that all clay minerals formed from fluids of the same
oxygen isotope composition, as might be inferred from the clay-mineral hydrogen isotope
compositions. The potential effect of HIM, where present, on the isotopic compositions
of these clay minerals is also unknown. Those effects remain poorly understood, although
a smectite-group mineral in which the interlayer was completely filled by wellcrystallized HIM would become a chlorite-group clay mineral.
Formation temperatures and fluid compositions were calculated for the smectitegroup clay minerals using oxygen isotope geothermometers from Savin and Lee (1988)
and Buatier et al. (1995), which they developed using the former’s semi-empirical bond
strength method. In the absence of full chemical data for the clay minerals analyzed in the
present study, we chose equations that most closely matched available information for the
<0.2 µm size fractions. The clay mineral d(060) peaks were used to estimate the relative
abundances of dioctahedral and trioctahedral smectite in each sample, and the
calculations weighted accordingly. The equations used were:
Ox
1000ln𝛼(saponite−water)
=

(-7.21 x 103T-1) + (6.94 x 106T-2) - (1.153 x 109T-3) + (0.103 x 1012T-4 - 1.92)

(Buatier et al., 1995)

(3.1)

Ox
1000ln𝛼(smectite2−water)
=

(-4.07 x 103T-1) + (5.06 x 106T-2) - (0.59 x 109T-3) + (0.05 x 1012T-4)-2.98
(Savin and Lee, 1988)

(3.2)

Equation (2) was determined for an aluminous smectite, listed as Smectite 2 in
Savin and Lee (1988).
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For the hydrogen, the smectite-water hydrogen isotope geothermometer of Yeh
(1980) was employed:
Hyd

1000ln𝛼(smectite−water) = (-19.60 x 103T-1) + 25
(Yeh, 1980)

(3.3)

Figures 3.9 and 3.10 illustrate the calculated fluid δ2H and δ18O in equilibrium
with neoformation of the <0.2 µm size-fraction at 20 to 400°C. Special attention was paid
to the 20-35°C range, based on the distribution of the clay mineral isotopic results
relative to the saponite supergene-hypogene (35°C) lines, which was characteristic of
most trioctahedral-dominated assemblages, and 20°C montmorillonite ‘weathering’ lines,
which was characteristic of clay mineral assemblages dominated by dioctahedral phases.
Using these guidelines and equations 3.1 and 3.3 for isotopic fractionation between
saponite and water, and equations 3.2 and 3.3 for dioctahedral clay minerals and water,
the calculated fluid compositions fall within the range of δ2H = –66 to -49‰ and δ18O = 9.7 to -4.6‰. Such values are representative of meteoric water (Craig, 1961) or Gulf
Coast brines that are highly diluted with meteoric water (Knauth et al., 1980; O’Neil et
al., 1986; Moldovanyi et al., 1993; see also Clayton et al., 1966), but are much lower
than typical for average modern rainfall in the region (Socki et al., 2002;
Waterisotopes.org, 2020) (Figs. 3.9a,b). Temperatures as high as ~50°C for clay mineral
formation can also be accommodated by the known envelope of Gulf Coast brine isotopic
compositions, as shown by the trajectory of fluid isotopic compositions at progressively
higher temperatures (Figures 3.9, 3.10).
Similar calculations are shown in Figures 3.9 and 3.10 for chlorite, in an effort to
evaluate potential isotopic consequences of HIM in many samples. As noted earlier, the
presence of HIM might indicate an evolution towards mixed-layer chlorite-smectite. The
chlorite-water isotope geothermometers are used here simply to provide an extreme
boundary condition for calculated fluid isotopic compositions, given dominance of
saponite (Mg- and Fe-rich) rather than montmorillonite (Al-rich) in most clay mineral
assemblages analyzed in this study. The equations used were:
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Ox
1000ln𝛼(chlorite−water)
=

(0.03 x 1012T-4) - (0.31*109T-3) + (2.5 x 106T-2) + (3.72 x 103T-1) - 12.62

(Savin and Lee, 1988)

(3.4)

Hyd

1000ln𝛼(chlorite−water) = (-3.7 x 106T-2) + (0.00 x 103T-1) - 24
(Graham et al., 1984b)

(3.5)

Secondary chlorite typically forms over a wide range of temperatures (50 to
400°C) (Pirajno, 2009). Given that the smectite isotope data indicate low temperatures
for clay mineral formation, the fluid isotopic compositions for the chlorite-water system
were calculated for the lower end of this range (50°C): δ2H = –30 ‰ and δ18O = –3.5 ‰
(Fig. 3.9). These calculated values are higher than those obtained using the smectitewater isotope geothermometers, and plot slightly to the right of the GMWL and at the
edge of the Gulf Coast brine envelope (Knauth et al., 1980; O’Neil et al., 1986;
Moldovanyi et al., 1993; see also Clayton et al., 1966). Fluid compositions remain within
the Gulf Coast brine envelope at temperatures up to 150°C. Regardless, the results
continue to indicate a fluid dominated by water of meteoric origin that has a different
isotopic composition than modern precipitation or Yucatán groundwater in the region.
The average isotopic composition for modern meteoric water today in this region is δ18O
= –2.97‰ and δ2H = –14.54‰) (Figs. 3.9-3.10) (IAEA/WMO, 2020; waterisotopes.org,
2020), as compared to the much lower calculated fluid isotopic compositions using the
smectite-group mineral-water geothermometers (δ18O = -9.7 to -4.6‰; δ2H = –66 to –
49‰).
We considered several possible explanations for the primarily meteoric water
isotopic signature. The most straightforward is that most of the smectite-group minerals
precipitated from Gulf Coast brines derived from a mixture of hyper-evaporated seawater
and meteoric water (Figs. 3.9, 3.10). Brines with unusually low δ2H and δ18O that closely
resemble the calculated fluid compositions are known for the Gulf of Mexico (Figs. 3.93.10). O’Neil et al. (1986), for example, describes similar low-18O and low-2H Gulf Coast
brines from the Permian Delaware basin. They proposed that these brines originated from
mixing of evaporated seawater and modern or ancient meteoric water. A similar
mechanism was proposed by Knauth and Beeunas (1986), who also invoked hyper-
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evaporation of seawater to form a “hook back” trajectory in δ2H-δ18O space (Figs. 9a-b),
coupled with infiltration of local meteoric water. In Chicxulub, it is relatively
straightforward to imagine a scenario where Gulf Coast brines moved through a regionalscale, impact-created fracture network, initially mobilized by the impact melt heat engine
but continuing to circulate as the system cooled. While seawater almost certainly
inundated the structure shortly after the impact, the region’s geology offers insights into
how this influx of Gulf Coast brines could subsequently have been established. The
crystalline rock-dominated peak-ring overlies pre-impact Mesozoic limestones (Morgan
et al., 2016; Gulick et al., 2017), a geologic feature that further supports a Gulf Coast
brine origin for these fluids. This positioning would have provided prime positioning for
infiltration of these brines.
We certainly know that, at least on land, Chicxulub has had a profound effect on
the regional karstic aquifer throughout the northern Yucatán peninsula. This is evident
today at shallow depths in the unusual hydrogeological properties throughout the region,
notably the high abundance of cenotes, or freshwater limestone caves, that are
concentrated along the outer rim of the Chicxulub structure (Perry et al., 1995; Socki et
al., 2002; Bauer-Gottwein et al., 2011). These cenotes are characterized by elevated
groundwater flow and anomalously high freshwater discharge where they intersect the
coast. The δ18O and δ2H of these cenote discharges in the shallower intervals reflects
local meteoric sources but with depth these waters become more 18O and 2H-enriched,
indicating a seawater-derived groundwater “wedge” that has formed along the coastal
region of the northwestern-Yucatán peninsula (Socki et al., 2002) (Figs. 3.9-3.10).
It is important to note that the oxygen and hydrogen isotope compositions
calculated for the smectite-group clay minerals from within the peak-ring are very
different from those of the shallow groundwater system in the cenotes. The same fracture
network and fluid pathways created by the impact that currently channels freshwater and
seawater infiltration at the shallower depths in the cenotes; however, may have been
similarly facilitated influx of Gulf Coast brines from greater depths, initially mobilized
by the impact-driven heat engine. It is unlikely, however, that the upward moving Gulf
Coast brines, which are generally highly saline and dense, mixed at a later time with
shallow and much more dilute local meteoric water. The meteoric water isotopic signal
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carried by the brines almost certainly reflects more ancient processes that occurred much
earlier during brine development (Knauth and Beeunas, 1986; O’Neil et al., 1986).
A second mechanism that could have led to the infiltration of meteoric water was
temporary exposure of this particular section of the peak-ring during a time that it was
above sea level. The relief profile of peak-rings is heterogeneous on a local scale; this is
evident in geophysical observations from Chicxulub and relief maps of the Moon’s
Schrodinger Basin, also a peak-ring basin (Kring et al., 2016; Gulick et al., 2017a;
Christeson et al., 2018). This would have allowed for direct infiltration of precipitation
into the peak-ring at site M0077A. The δ2H and δ18O of precipitation at this latitude,
however, would have been much higher than calculated for the clay mineral assemblages,
with possibility of the oxygen isotope compositions being driven even higher during
hydrothermal rock-water interaction during earlier stages of alteration. Additionally, this
scenario requires clay formation to have taken place early in the lifetime of the system, as
the peak-ring was likely not exposed above sea level for very long, if it even occurred at
all. Such a paragenesis for clay mineral formation is inconsistent with current
observations.
A role for hydrocarbons in shaping the hydrogen isotope compositions of the clay
mineral assemblages should also be considered. Hydrocarbons have been identified in the
target materials and within fluid inclusions in the Yaxcopoil-1 core (Lüders and Rickers,
2004). These hydrocarbons were thermally cracked and migrated within the hydrothermal
system. If a similar process affected the peak-ring, isotopic exchange with hydrocarbons
such as CH4 could have lowered the δ2H of water in the system (Yeh and Epstein, 1981).
Such a scenario, however, would require a high hydrocarbon/water ratio, for which there
is currently no evidence.

3.6.4

Smectite δ18O variability and post-impact water-rock
interaction
The results of our study indicate that the variation in smectite δ18O correlates

remarkably well with changes in smectite mineralogy. Samples that are predominantly
montmorillonite (± possible nontronite) (~709-686 mbsf) have higher δ18O (+14.2 to
+18.6 ‰) than intervals that are mostly saponitic (δ18O = +10.4 to +14.1 ‰) (Fig. 3.11).
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After accounting for the crystal-chemical effects, we can also evaluate possible
differences in temperature or fluid isotopic composition during formation of dioctahedral
versus trioctahedral smectites.
Assuming a constant fluid δ18O of –7.8‰, which is among the lower values
measured for Gulf Coast brines (O’Neil et al., 1986), and that water/rock ratio was
constant, calculated temperatures for clay mineral formation are lower for the
dioctahedral smectite-rich interval (~10 to 25°C) (porous, middle-lower section of
Subunit 2B) than the trioctahedral smectite intervals (~35 to 50°C) (Subunits 2A, 2C-4).
Not surprisingly, these observations are consistent with the proximity of the clay mineral
isotopic compositions to the supergene/hypogene and ‘weathering’ lines.
If we assume, however, that all clay minerals formed at a constant temperature, a
more 18O-rich fluid would have been required for neoformation of montmorillonite than
saponite. For example, at 50 °C (upper temperature range for saponite discussed
previously), the resulting fluid δ18O is –0.4 to +1.1‰ for the dioctahedral intervals and –
7.1 to –4.4 ‰ for trioctahedral intervals. This variation in fluid δ18O could reflect
different reservoirs during tri- versus dioctahedral clay mineral formation and/or fluid
enrichment in 18O resulting from prolonged circulation and W/R interaction in the more
porous and permeable intervals. The section of the peak-ring core dominated by
dioctahedral clay minerals likely experienced higher fluid flow for a longer period of
time, given the physical properties that indicate higher porosity and permeability (Gulick
et al., 2017; Christeson et al., 2018) in this region (Fig. 3.11). Continued leaching of Mg
and Fe from the rock may have led to conditions favouring formation of more aluminous
smectites as well as an 18O-shift in the fluid as a product of prolonged host rock-water
interaction.
It is notable that the core in Subunit 2B at ~709-686 mbsf is more altered than
other lithologies, and even other parts of the same subunit. This highly altered interval of
the peak-ring differs lithologically from the surrounding material within the same unit; its
clasts are larger and more rounded and the material is much more friable (Gulick et al.,
2017; Christeson et al., 2018; Simpson et al., 2020). These features may be directly
related to the original depositional environment of the impactites as a product of moltenfuel coolant interaction (MCFI) processes and as a transitional unit from impact melt-
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bearing breccias to melt rocks (Osinski et al., 2020). Ames et al. (2004) and Zürcher and
Kring (2004) also noted the most altered interval was ~30 m above the impact melt rock
unit in the Yaxcopoil-1 core, which sampled the annular trough surrounding the peakring. At the M0077A site considered here, these breccias within Subunit 2B are
significantly more porous and permeable than surrounding material (Christeson et al.,
2018), and thus we suggest that this would have facilitated preferential and prolonged
fluid flow leading to enhanced alteration, continuing through to the lower temperatures
suggested here.
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Figure 3.11: Figure 10: Summary of the (A) upper peak-ring stratigraphy, (B)
upper peak-ring host rock porosity (Christeson et al., 2018), (C) d(060) pXRD
results for the <0.2 μm size-fraction, showing the transition from primarily
trioctahedral (d(060) = 0.153 to 0.154 nm) in Units 4 and 3 and Subunit 2C, to mixed
di-and trioctahedral (d(060) = 0.149 to 0.154) in the lower intervals of Subunit 2B,
and back to trioctahedral (d(060) = 0.153 to 0.154 nm) in the upper part of Subunit
2B and in Subunit 2A; and (D) δ18O and δ2H of the <0.2 μm size-fraction. The
oxygen isotope show a shift from lower values in Units 4 and 3 and Subunit 2C, to
higher values in the more porous and permeable intervals of Subunit 2B, and a
return to lower values in the upper portion of Subunit 2B and in Subunit 2A. In
contrast to the oxygen isotope results, the hydrogen isotope data vary much less
among all intervals; there are no apparent patterns or correlations with the changes
observed in other datasets.

3.7 Conclusions
This novel work demonstrates that the clay mineralogy through the peak-ring
varies with host rock physical properties and lithology and preserves isotopic and
mineralogical evidence of variable but low-temperature conditions for clay mineral
neoformation. These isotopic data show that the fluid(s) circulating within the peak-ring,
at least during the later stages of alteration associated with clay mineral neoformation,
was/were primarily of meteoric origin, likely meteoric water-dominated Gulf Coast
brines, rather than seawater.
The pXRD, spectral and microprobe analysis indicate that hydroxy-interlayered
tri- and dioctahedral smectites, var. saponite and montmorillonite, comprise the
predominant clay mineral group in the Chicxulub peak-ring. Smectite mineralogy varies
through the core; most units are dominated by saponite, but as the host rock becomes
more porous and permeable in the lower to mid portions of Subunit 2B, montmorillonite
becomes predominant. The upward shift from trioctahedral to mixed di- and
trioctahedral, and back to trioctahedral is gradual and easily traceable. The exact nature
of the hydroxy-interlayered material (HIM), which is present in most tri- and dioctahdral
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smectites, remains unclear but we suggest its presence, as well as the clay mineral
formation sensu lato, is likely related to the high amount of altered impact glass in these
units.
Units containing predominantly trioctahedral smectite have lower δ18O (+10.4 to
+14.1‰) than intervals containing a significant quantity of dioctahedral smectite (+14.2
to +18.6 ‰). Values of δ2H range from –105 to –87 ‰. The wide range in δ18O results
from variations in crystal chemistry between the tri- and dioctahedral smectites,
differences in temperatures of smectite formation, and perhaps also differences in
water/rock ratio (W/R). The relatively constant smectite δ2H reflects a strong meteoric
water signal for the fluid(s) involved, and insensitivity both to crystal-chemical effects
and W/R ratio. Assuming that all phases precipitated from the same fluid source, these
results indicate low temperatures for smectite neoformation (35-50°C). This range does
not change considerably (~10-25°C) if a somewhat higher fluid δ18O, arising from
prolonged W/R, is invoked for dioctahedral smectite neoformation in more porous and
permeable sections of the core.
Our results demonstrate that the conditions of smectite formation in impactgenerated environments can include lower temperatures and more broadly emphasizes
that the temperature of clay formation on Earth, Mars and possibly other hydrous,
terrestrial planets and satellites, can be quite variable.
We also consider the porous, permeable interval in Subunit 2B, which is located
~25 to 30 m above the melt unit, to be of larger interest. It likely experienced prolonged
alteration at a higher W/R ratio than other parts the core. If such a pattern of alteration –
related to distance above the melt rock – is present across other impact structures that
initially developed hydrothermal systems, it may signal an environment particularly
favorable to hosting and sustaining microbial life.
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Chapter 4

4

Geochemistry, mineralogy and textures of altered
impact glass from the Chicxulub peak-ring breccias and
melt rocks

4.1 Abstract
Hydrothermal alteration is a feature of the 66 Ma, ~180 km Chicxulub impact structure,
located in the northern Yucatán peninsula and southern Gulf of Mexico. The most recent
drilling campaign was conducted jointly in 2016 by the International Ocean Discover
Program (IODP) and the International Continental Scientific Drilling Program (ICDP),
Expedition 364, at site M0077A (21.45° N, 89.95° W) and recovered ~830 m of
continuous core from the peak-ring structure. This material has been subdivided into four
main lithologic units: crystalline basement granitoid rocks (lowermost, Unit 4), impact
melt (Unit 3), impact melt-bearing breccias (Unit 2) and overlying post-impact
sedimentary rocks (uppermost, Unit 1). The most common alteration products are
zeolites, alkali feldspars, carbonates and hydroxy-interlayered smectites that formed from
the extensively altered melt glass clasts in Unit 2. These clasts are composed of a
hydrated, nanocrystalline, clay-like material commonly referred to as palagonite. Despite
being altered, the clasts preserve delicate schlieren and immiscibility textures indicating
that two end-member melt compositions were initially present: one lighter in color and
more felsic (high Si-Al-Na), classified as trachyandesite, and one darker and more mafic
(low Si, high Fe-Mg-Ca), classified as basalt. While these glass clasts have been affected
by post-impact alteration that likely affected their geochemical signatures, this
interpretation generally agrees with previous observations at Chicxulub and reflects the
local mixed-target composition comprised of a sedimentary, carbonate-rich layer
overlying crystalline granitoid basement.

4.2 Introduction
Impact cratering is the most ubiquitous geologic process affecting all solid surfaces in
our Solar System and plays a key role in reshaping, recycling and producing geological
materials on planetary bodies (e.g., Koeberl, 2006; French and Koeberl, 2010; Osinski
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and Pierazzo, 2012). Pristine impact melt provides information that is critical to
understanding the formation of an impact crater. This melt represents the molten
precursor target materials and its chemical and isotopic signatures reveal details about the
source rock, projectile composition, and age of the impact structure (Dressler and
Reimold, 2001; Osinski and Pierazzo, 2012; Osinski et al., 2018). Impact melt glass or
whole rock glass, not to be confused with diaplectic glass which forms via solid state
transformation, is formed from rapidly cooled impact melt in a similar way to endogenic
volcanic glass (e.g., obsidian or rhyolite) (Stöffler, 1984; Osinski et al., 2018). Melt
glasses fall within one of two general categories: those that form clasts within impact
breccias and melt rocks, and those that are ballistically ejected from their source crater
(i.e., tektites) (Johnson and Melosh, 2012). These materials, in their unaltered, pristine
state, are amorphous (i.e., they contain no internal crystalline structure) and metastable at
the surface of any planetary body with an atmosphere. On Earth, impact glasses are
especially susceptible to alteration and pristine samples from terrestrial craters are highly
sought after to provide high-fidelity measurements, for example, geochronological or
stable isotopic analysis. Altered volcanic and impact glass is also thought to be a
significant source of the widespread phyllosilicates and possibly the amorphous materials
found on Mars (Horgan and Bell, 2012; Tornabene et al., 2012; Ehlmann et al., 2013;
Cannon and Mustard, 2015).
The alteration sequence, pathways and products that form as a result of glass
alteration are complex and poorly understood. Pristine glass consists of a disordered, noncrystalline network of Si and Al tetrahedra and alteration begins through isovolumetric
dissolution-precipitation reactions forming an intermediate gel-like phase called
palagonite (Crovisier et al., 1983; Singer and Banin, 1990; Stroncik and Schmincke,
2002; Valle et al., 2010). This process of transitioning from an amorphous to nonamorphous (crystalline) material is referred to as devitrification. As alteration progresses
this palagonite gradually becomes more crystalline and forms other high Si and Al phases
such as clay minerals and zeolites; the exact nature and crystallinity of this intermediate
material, however, is ambiguous and poorly defined in the literature. Palagonite is
frequently reported as a product of altered volcanic glasses and has also recently been

141

discovered at a few impact sites (Hecht et al., 2004; Declercq et al., 2009; Simpson et al.,
2020).
Impact glasses are critical to understanding the source rocks for impact melts and are
prime targets for age dating impact events, for example, linking the Chicxulub impact
distal ejecta deposits to the Cretaceous-Paleogene (K-Pg) extinction event (Swisher III et
al., 1992; DePalma et al., 2019). However, due to post-impact alteration and their
metastable nature, these glasses are generally extremely altered; pristine glass is rarely
recovered. Therefore, it is crucial that we understand the alteration pathways that affect
these materials and the secondary products they frequently preserve in order to more
accurately interpret their geochemical signatures, particularly in impact structures that
have been affected by hydrothermal alteration where unaltered glass is unlikely to be
found (Sapers et al., 2014).

4.2.1

Geological setting

The ~180-km, ~66 Ma Chicxulub impact structure is located in the northern Yucatán
peninsula and southern Gulf of Mexico and is the best preserved crater on Earth with a
definitive peak-ring (Hildebrand et al., 1991; S. Gulick et al., 2017a; Renne et al., 2013).
Chicxulub has been drilled extensively (Hildebrand et al., 1991; Kring et al., 2004;
Sharpton et al., 1996; Ames et al., 2004; Urrutia-Fucugauchi et al., 2004); the vast
majority of these cores, however, recovered material at discontinuous intervals or are
currently not accessible. The most recent subsurface exploration occurred in 2016 and
sampled the peak-ring structure. This drilling campaign took place offshore during the
joint International Ocean Discover Program (IODP) and the International Continental
Scientific Drilling Program (ICDP) Expedition 364 at site M0077A (21.45° N, 89.95°
W), and recovered ~830 m of continuous core (Fig. 1) (Morgan et al., 2016; Gulick et al.,
2017a). Initial lithologic characterization (Christeson et al., 2018; Gulick et al., 2017a, b)
revealed that the peak-ring comprises ~587 m of fractured granitoid basement rocks
(lowermost core section, Unit 4), overlain by a ~26 m-thick layer of impact melt rock
(Unit 3) and a ~104 m-thick gradational sequence of impact melt-bearing breccias
(Subunits 2A–C; e.g., Gulick et al., 2017a, b; Osinski et al., 2020). The peak-ring and
impactite sequence was rapidly buried under ~619 m of post-impact sediment (uppermost
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core section, Unit 1), a feature which contributed to the exceptional preservation of the
Chicxulub impact structure.
The target sequence at Chicxulub is comprised of Upper and Lower Cretaceous
alternating units of carbonate and sulfate sedimentary rocks overlying Paleozoic
crystalline granitoid rocks, gneiss, schist and quartzite intercalated with pre-impact
diabase dikes (Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004; Gulick et al., 2017a).
The Mesozoic sedimentary units were initially 2-3 km thick at the time of the impact and
are the primary reason Chicxulub was so devastating to ancient life due to the release of
~300 to ~400 Gt each of sulfur aerosols and CO2 into the atmosphere (Claeys et al., 2003;
Artemieva et al., 2017). This mixed sedimentary-crystalline target composition is
reflected in the composition of the impact breccias and melt rocks in the peak-ring that
contain partially to completely melted clasts of both main target types (Gulick et al.,
2017a, b).
Post-impact hydrothermal alteration is a feature of the peak-ring and affected all units
(Gulick et al., 2017a; Kring et al., 2020; Simpson et al., 2020). The most extensively
altered materials are the impact melt glass clasts, which are abundant throughout the
melt-bearing breccias of Unit 2. To date, no unaltered glass has been discovered and
these clasts have been replaced by a poorly crystalline, texturally nondescript material
interpreted as palagonite and clay minerals (Kring et al., 2020; Simpson et al., 2020).
Using powder X-ray diffraction and spectral analyses Simpson et al. (2020; Chapter 3,
this thesis) reported that the clay minerals are predominantly hydroxy-interlayered Fe-Mg
and Al-smectites, saponite and montmorillonite. The finer grained, optically vitreous
palagonite within the peak-ring is ubiquitous and thus far has evaded characterization; it
has been described simply as “impact melt fragments” (Morgan et al., 2016), as “melt
rock fragments with altered glassy to microcrystalline textures” and “green to brown clay
minerals” (Gulick et al., 2017a), as “impact glass fragments altered to montmorillonitelike sheet silicate” (Kring et al., 2020) and “devitrified glass or palagonite” (Simpson et
al., 2020). The exact nature of this material, what stage of alteration it represents, its
properties, or how it formed are all unknown. To date, no pristine melt glass has been
recovered from the peak-ring and it is unclear how accurately these clasts represent the
primary composition of the melt from which they formed.
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Figure 4.1: (A) Simplified cross section of the Chicxulub peak-ring modified from
Vermeesch and Morgan (2004), showing the outer rim region, annular trough, peakring, central basin, and the location of the drill core collected at site M0077A. Also
shown is the location of the Yaxcopoil-1 core, for comparison. (B) Location of the
Chicxulub impact structure in the Gulf of Mexico and northern Yucatán peninsula
also showing the location of previous drilling expeditions (labeled yellow dots). (C)
Cross section through the Chicxulub peak ring based on seismic reflection profiles,
showing location of the M0077A drill core relative to the surrounding material and
crater structure, as modified from Christeson et al. (2018).
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4.2.2

Overview of impact melt glass in Chicxulub

Impact glasses in Chicxulub have been reported previously in the Yucatán-6 and
Yaxcopoil-1 drill cores, as well as within proximal ejecta deposits located around the
Gulf of Mexico and Caribbean and distal deposits around the world. The impact glasses
occur predominantly as mm-sized glass spherules called microtektites (Johnson and
Melosh, 2012; Belza et al., 2015), which represent quenched melt droplets that were
ballistically ejected from the crater. These microtektites are commonly found at the base
of reworked impact tsunamite deposits and are separated from the uppermost platinum
group element (PGE)-rich clay layer that settled from the impact vapour plume. Pristine,
unaltered impact glass is rare in Chicxulub and to date it has only been reported from
Beloc, Haiti (abundant), Arroyo El Mimbral, Mexico (scarce) and La Lajilla, Mexico
(rare), and very rarely in the crater fill impact deposits (Belza et al., 2015). Unfortunately,
as a result, several studies on the K-Pg glasses instead report data for altered, hydrated
glass and attempt to use this to determine the target lithologies, which can lead to
inaccurate and convoluted interpretations (Ames et al., 2004; Kettrup et al., 2000; Belza
et al. 2015). Previous studies have attempted to link these microtektite glasses to specific
target lithologies within Chicxulub; they determined a compositional range between two
end members, one being more SiO2-rich black glass and a CaO and SO2-rich yellow glass
(Belza et al., 2015; Kring and Boynton, 1991). Using isotopic analysis (87Sr/86Sr and
18

O/16O), these glasses were shown to fall on a mixing line between Cretaceous marine

sedimentary rocks and the andesitic melt sheet, consistent with a mixture of the
Chicxulub target materials (Blum et al., 1993; Belza et al., 2015).
Pristine impact melt glass has been recovered from the Yucatán-6 core, and
palagonitized glass has been described within Yaxcopoil-1 core (Fig. 4.1) (Claeys, 2003;
Hecht et al., 2004). In the Yucatán-6 core (Fig. 4.1), which sampled the crater directly
outside the peak-ring, the interior of some impact melt clasts contains small amounts of
unaltered glass that transitions to palagonitic rims (Claeys et al., 2003). In the Yaxcopoil1 core, which sampled the annular trough region, melt clasts have been pervasively
altered to a mixture of palagonite, clay minerals, zeolites, feldspars and carbonates,
similar to those described in the peak-ring (melt clasts type 1, Hecht et al., 2004). These
studies also acknowledged that hydrothermal alteration affected the geochemical
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composition of these clasts; however, the compositions were comparable to those
obtained for pristine ejecta glasses and indicate two melt end member compositions (i.e.,
local carbonate-evaporite sedimentary and crystalline target rocks).
In this contribution we examine the geochemical compositions and textures of the
impact melt glass clasts preserved within the Chicxulub peak-ring core, as well as their
associated alteration products, and compare them to melt glass recovered from other
localities within the structure. Similar to previous studies we also attempt to link these
clasts to their initial melt precursor composition, and by extension, the target materials
from which this melt formed.

4.3 Methods
Core samples were selected from various intervals within Units 2 and 3. Polished thin
sections were examined initially using a Nikon LV100POL petrographic microscope
equipped with a Nikon DS-Ri1 digital camera and subsequently, thin sections were
carbon-coated and examined using a JEOL JXA-8900 L electron microprobe in the Earth
and Planetary Materials Analysis Laboratory at the University of Western Ontario
(Western). Beam operating conditions were 15 kV with a current of 10 nA and 5 µm
diameter spot size. The rough surfaces of additional samples determined to be too fragile
for traditional, polished thin-section preparation were analyzed at Western’s
Nanofabrication Facility. These were coated with Os and examined using a LEO Zeiss
1540XB Scanning Electron Microscope (SEM) with beam operating conditions between
3 and 30 kV. A subset of samples was selected for quantitative geochemical analysis,
which was achieved using the following calibration standards: natural basaltic glass (Si,
Al, Na, Mg, Ca, Fe; USNM 113498/1 VG-A99), natural rhodonite (Mn; Astimex,
unknown locality), nickel metal (99.97% wire) (Ni; Alfa Aesar, USA), natural apatite (P;
Astimex, Wilberforce, ON, Canada), natural sodalite (Cl; Geller MicroAnalytical) and
natural anhydrite (S; Astimex, Lyon Co. NV, USA). Non-coated, polished thin sections
were examined for optical microscopy.
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4.4 Results
4.4.1

Optical properties and textures
Impact glass throughout the upper peak-ring has been altered to a texturally

nondescript, micro- to nanocrystalline, hydrated resinous material; we identify two main
types of former glassy material, one that displays a lighter green color (Gg) and another
that is a darker brown (Bg) in transmitted light. We refer to these throughout as altered
glass, for simplicity. Many of these clasts also retain relict schlieren and globular-shaped,
sharp-edged, well-defined zones and textures between the lighter green-yellow and
darker brown colors, typical of whole-rock melt glass (e.g., Osinski et al., 2014; 2018).
This material is commonly referred to as palagonite and is a common constituent of the
Chicxulub upper peak-ring impact breccias (Gulick et al., 2017a; Kring et al., 2020;
Simpson et al., 2020). Clasts that are more pervasively altered also contain secondary
clay minerals, carbonates, zeolites, alkali feldspars, sulfides and sulfates. In transmitted
light, the altered glass shows a variety colors, most commonly shades of green (“Gg”),
brown and yellow (“Bg”; Figs. 4.2-4.4). Despite being altered, the clasts preserve circular
and semicircular perlitic cracks (Fig. 4.4D) and globular textures (Figs. 4.2C-D; 4.4C;
4.5A; 4.6). The altered glass is only partially isotropic in transmitted light and displays
undulatory extinction (Figs. 4.2B; 4.3B and D). Fractures within altered glass clasts are
commonly lined with lighter yellow or green varieties (Figs 4.2C-D; 4.3A-B). In
backscattered electron images (BSE) the palagonite is flat, texturally nondescript (Figs.
4.4; 4.5A-B, D) and easily distinguished from the more crystalline smectites (e.g., Figs.
4.5D; 4.7B). The grain size of this material ranges from nano- to microcrystalline (Fig.
4.4C-F) and some is even smaller, possibly colloidal or amorphous (Figs. 4.4A-B). Some
of this material displays localized flaky textures similar to smectite (Fig. 4.4A). The more
well-formed clay minerals crystallize along relict schlieren (Fig. 4.7C), occur in a circular
budding pattern, coat fracture surfaces (Fig. 4.7D), and/or replace clast interiors (Fig.
4.8).
The degree to which the clasts are altered varies by sample and more generally by
position in the core. Samples that are close to the K-Pg boundary (~619 mbsf) within the
more-shallow intervals of Subunit 2A and in the lower intervals closer to and within the
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underlying Unit 3 melt rocks (~721 mbsf) are usually more pervasively altered and
contain higher amounts of smectites and zeolites and less palagonite. Some clasts retain
‘glassy’ palagonite throughout the interior of clast (e.g., Figs. 4.2-3; 4.5B; 4.6), some
only retain palagonitic rims (e.g., Figs. 4.4E; 4.5C; 8) and some are completely replaced
by smectites, carbonates and zeolites (e.g., Fig. 4.7F).

Figure 4.2: Transmitted light photomicrograph of a clast of hydrated impact glass
from Subunit 2A (sample 53R-2, 17.5 to 19.5 cm, ~657.1 mbsf), showing
immiscibility textures between green and brown impact glass and partially
isotropic, undulatory extinction. Abbreviations: PPL = plane-polarized light; XPL =
cross polarized light.
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Figure 4.3: (A-D) Transmitted light photomicrograph of hydrated impact glass
clasts from Subunit Unit 2A (sample 53R-3, 50 to 51 cm, ~658 mbsf). Abbreviations:
Bg = brown glass; Gg = green glass; Mat = matrix; PPL = plane-polarized light;
XPL = cross-polarized light.
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Figure 4.4: Backscattered electron (BSE) and secondary electron (SE)
photomicrograph of altered glass clasts: (A and B) SE image of poorly crystalline
texture of altered glass surface, also showing a clay-like, flaky texture formed on the
edge of the clast from Subunit 2B (sample 61R-2, 42 to 43 cm, 679.4 mbsf); (C) BSE
image of green (Gg) and brown glass (Bg) in Subunit 2A (sample 53R-3, 50 to 51cm,
658.5 mbsf); and (D) BSE image of palagonite (Pal) and concentric, perlitic cracks
in altered glass in Unit 2A (sample 55R-1, 111-112 cm, 663 mbsf); and (E and F):
glass clast that has been altered to clay (Smc) and palagonite (Pal) also with small,
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circular Fe-Ti oxides forming in glass clast from Subunit 2C (sample 84R-3, 13 to 14
cm, 715.59 mbsf).

Figure 4.5: Backscattered electron (BSE) and transmitted light photomicrograph of
altered glass clasts: (A and B) transmitted light and BSE images, respectively, of
green (Gg) and brown (Bg) altered glass in Subunit 2B (sample R83-1, 54.5 to 56.5
cm, 712 mbsf), also showing secondary calcite (Cal); and (C and D) transmitted light
and BSE images, respectively, of altered green glass clast (Gg) from Subunit 2B
(sample 59R-1, 40.5-42.5 cm, 675 mbsf), also showing secondary smectite clays
(Smc), calcite (Cal) and analcime (Anl).
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4.4.2

Chemical composition
The altered glass is comprised of a hydrated (total oxide wt % = 69.1 to 87.7%),

aluminous phase similar in composition to the Fe-Mg smectites (Table 4.1). The
compositions of the green/yellow (“Gg”) and dark brown glasses (“Bg”) are
heterogeneous; some more well-preserved clasts such as those measured in sample 53-R3
(Table 4.1) show two distinct compositions, with the lighter colored variety being more
Na-Si-Al rich and the darker brown glass more Fe-Mg-Ca rich (Fig. 4.6); in many clasts
there is very little difference between the two (e.g., sample 83R-1; Table 4.1). When the
totals are normalized the smectites in all samples are chemically more similar to the dark
brown glass than the lighter green glass (Fig. 4.9); however, all analyses show that the
smectites usually contain higher amounts of Mg, and lower amounts of Ca and Si than the
palagonite (Fig. 4.9). Measurements for sample 53R-3 are illustrated on the total alkali
silica (TAS) diagram (Fig. 4.10). When normalized to 100 wt % and disregarding any
chemical changes imparted from post-impact alteration, the green glass is more
intermediate to felsic in composition and classified as an andesite to trachyte, and the
brown glass is more mafic, classified predominantly as basalt.
Other alteration phases found in highly altered glass clasts include calcite (Figs.
5-6), zeolites (var. analcime, dachiardite) (Figs. 4.6; 4.7F; 4.8), alkali feldspars (var.
oligoclase, albite, anorthoclase, orthoclase; Simpson et al., 2020) (Fig. 4.8), Fe-sulfides
(Fig. 4.7E) and sulfates. Ti-Fe oxides are also common within the palagonite, commonly
concentrated along relict schlieren flow textures (Figs. 4.7C-D), within the central clast
regions (Figs. 4.4D; 4.7A) and clast rims (Fig. 4.4E-F). Quantitative analyses for these
secondary phases are provided in Chapter 2 of this thesis (Appendix, Table A 1-3).
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Figure 4.6: Wavelength dispersive spectroscopy (WDS) element maps of an altered
glass clast from Subunit 2A (sample 53R-3, 50 to 51cm, 658.5 mbsf). Abbreviations:
Al = aluminum; Anl = analcime; Bg = brown glass; Cal = calcite; Ca = calcium; Gg
= green glass; Mg = magnesium; Na = sodium; Smc = smectite.
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Figure 4.7: Backscattered electron (BSE) images of altered glass and secondary clay
textures. (A and B) from Subunit 2B (sample 83R-1, 54.5 to 56.5 cm, 712.6 mbsf);
(C) Subunit 2A (sample 46R-2, 44 to 46 cm, 636.5 mbsf); (D) Subunit 2B (sample
59R-1, 40.5 to 42.5 cm, 674.6 mbsf); and (E and F) Subunit 2A (sample 41R-1, cm to
cm, mbsf).
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Figure 4.8: Wavelength dispersive spectroscopy (WDS) element maps of altered
glass clast in Subunit 2C (sample 84R-3, 13 to 14 cm, 715.59 mbsf). Abbreviations:
BSE = backscattered electron image; K = potassium; Mg = magnesium; Si = silicon.
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Table 4.1: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analysis of altered glass
and clay minerals (wt %)
Sample

53R-3

53R-3

53R-3

Mbsf

658.5

658.5

658.5

Green

Brown

glass

glass

Desc.

Average

Calc.

wt%

to

Smectites

Average

Average

Calc.

Calc. to

Wt%

to

100%

(n=12)

SD

100%

(n=25)

SD

100% (n=16)

SD

SiO2

52.43

2.97

59.76

33.85

4.54 44.48

38.29

2.23

45.23

Al2O3

19.43

0.89

22.17

8.89

1.54 11.64

10.09

0.69

11.91

Na2O

5.73

1.39

6.52

1.60

0.66 2.10

1.04

0.39

1.23

MgO

2.88

1.50

3.31

11.96

1.49 15.75

14.44

1.59

17.07

TiO2

0.52

0.18

0.59

0.76

0.11 1.02

1.07

1.44

1.14

CaO

2.00

1.35

2.26

3.49

1.92 4.67

2.14

1.07

2.52

K2O

0.45

0.94

0.49

0.14

0.04 0.19

0.75

1.14

0.87

FeO*

3.75

2.00

4.32

14.07

2.29 18.43

16.31

1.29

19.25

MnO

0.04

0.04

0.05

0.14

0.03 0.19

0.17

0.06

0.20

NiO

0.02

0.02

0.02

0.02

0.02 0.02

0.03

0.02

0.03

P2O5

0.13

0.05

0.15

0.26

0.07 0.35

0.04

0.04

0.05

SO3

0.04

0.06

0.04

0.06

0.03 0.08

0.05

0.05

0.06

Cl

0.34

0.26

0.39

0.84

0.38 1.16

0.43

0.25

0.50

Total

87.68

2.41

100 76.04

9.21

100 84.70

2.41

100

Table 4.1 (cont’d): Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analysis of altered glass
and clay minerals (wt %)
Sample

55R-1

55R-1

59R-1

Mbsf

663.1

663.1

674.6

Desc.

Brown glass

Smectites

Green glass

Calc.
Average

SiO2

to

Calc.
Average

Calc. to

average

to

(n=2)

SD

100% (n=9)

SD

100%

(n=7)

SD

100%

38.64

0.85

47.75

1.93 46.34

34.76

1.53

47.61

39.39
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Al2O3

13.75

0.73

16.99

9.82

3.57 11.49

10.99

0.91

15.04

Na2O

0.89

0.23

1.10

1.18

0.41 1.39

0.60

0.06

0.82

MgO

8.96

0.39

11.07

15.53

2.41 18.29

10.88

0.38

14.90

TiO2

0.10

0.04

0.12

0.44

0.73 0.51

0.11

0.15

0.14

CaO

2.80

0.46

3.46

3.42

1.99 4.05

2.82

0.27

3.86

K2O

1.55

0.53

1.91

0.37

0.55 0.43

0.33

0.18

0.45

FeO*

11.3

0.22

13.96

13.43

1.81 15.78

11.03

0.78

15.11

MnO

0.19

0.01

0.23

0.13

0.06 0.15

0.18

0.03

0.25

NiO

0.02

0.02

0.02

0.03

0.02 0.04

0.01

0.02

0.02

P2O5

0.21

0.02

0.26

0.03

0.05 0.03

0.24

0.07

0.32

SO3

0.07

0.02

0.09

0.04

0.04 0.05

0.10

0.02

0.14

Cl

2.51

0.17

3.10

1.29

0.52 1.52

1.02

0.25

1.40

Total

80.93

0.68

100

85.03

2.09 100

73.01

2.73

100

Table 4.1 (cont’d): Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analysis of altered glass
and clay minerals (wt %)
Sample

59R-1

59R-1

83R-1

Mbsf

647.6

647.6

712.6
Green

Desc.

Smectites

Brown glass

glass

Calc.
Average

to

Calc.
Average

Calc. to

Average

to

100%

(n=14)

SD

100%

(n=18)

SD

100% (n=11)

SD

SiO2

39.81

4.40

47.76

36.46

3.05 46.74

31.74

2.72

45.96

Al2O3

10.60

2.90

12.70

10.85

1.74 13.94

9.01

1.40

12.99

Na2O

0.76

0.34

0.90

0.59

0.32 0.75

0.48

0.25

0.7

MgO

14.59

3.23

17.56

12.53

2.05 16.07

12.65

1.31

18.34

TiO2

0.98

2.08

1.17

0.39

0.54 0.49

0.60

0.68

0.83

CaO

3.05

1.73

3.70

3.82

1.08 4.91

2.99

0.67

4.32

K2O

0.39

0.38

0.46

0.37

0.74 0.46

0.14

0.13

0.19

FeO*

12.44

2.35

14.97

11.44

1.27 14.71

10.55

1.16

15.26

MnO

0.15

0.07

0.18

0.17

0.04 0.22

0.14

0.04

0.20

NiO

0.01

0.02

0.01

0.01

0.02 0.02

0.02

0.02

0.03

P2O5

0.07

0.07

0.09

0.36

0.27 0.46

0.12

0.08

0.16

SO3

0.07

0.02

0.08

0.12

0.04 0.15

0.09

0.02

0.13
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Cl

0.39

0.30

0.48

0.88

0.39 1.14

0.64

0.25

0.95

Total

83.25

6.60

100

77.93

4.69 100

69.10

5.99

100

Table 4.1 (cont’d): Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analysis of altered glass
and clay minerals (wt %)
Sample

83R-1

83R-1

84R-3

Mbsf

712.6

712.6

715.6

Brown
Desc.

Brown

glass

Smectites

glass

Calc.
Average

to

Average

Calc. to

Average

Calc. to

(n=6)

SD

100% (n=3)

SD

100%

(n=8)

SD

100%

SiO2

36.54

2.43

46.92

36.44

2.33

44.38

35.68

2.25

47.39

Al2O3

9.68

0.74

12.42

11.57

2.17

14.06

12.68

2.17

16.95

Na2O

0.30

0.30

0.41

0.75

0.13

0.91

0.60

0.34

0.78

MgO

15.04

0.99

19.31

17.27

0.91

21.03

10.09

3.79

13.25

TiO2

0.03

0.02

0.04

0.06

0.03

0.07

0.65

0.50

0.87

CaO

3.05

0.34

3.91

1.98

0.14

2.41

2.40

0.65

3.16

K2O

0.18

0.08

0.23

0.14

0.02

0.17

3.21

2.09

4.38

FeO*

12.26

0.86

15.74

13.57

1.88

16.5

8.96

2.90

11.75

MnO

0.14

0.03

0.17

0.18

0.08

0.22

0.08

0.03

0.10

NiO

0.01

0.02

0.01

0.02

0.02

0.03

0.02

0.02

0.02

P2O5

0.08

0.04

0.10

0.03

0.01

0.04

0.30

0.49

0.39

SO3

0.15

0.05

0.19

0.05

0.01

0.06

0.06

0.04

0.07

Cl

0.48

0.12

0.62

0.15

0.02

0.19

0.71

0.23

0.96

Total

77.88

4.98

100

82.17

1.04

100

75.39

5.97

100

Table 4.1 (cot’d): Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analysis of altered glass
and clay minerals (wt %)
Sample

84R-3

84R-3

Mbsf

715.6

715.6

Desc

Green glass

Smectites
Calc. to

SiO2

Average (n=5)

SD

Calc. to 100%

Average (n=4)

SD

100%

39.16

3.59

50.00

41.95

2.24

47.51
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Al2O3

14.59

1.92

18.60

18.97

4.23

21.44

Na2O

0.35

0.17

0.44

0.47

0.42

0.53

MgO

7.97

1.41

10.18

9.29

5.64

10.6

TiO2

0.82

0.18

1.05

0.97

0.68

1.09

CaO

2.20

0.45

2.79

1.28

0.59

1.46

K2O

4.63

0.89

5.91

5.84

3.85

6.56

FeO*

7.03

0.82

8.98

9.29

2.74

10.56

MnO

0.05

0.02

0.06

0.08

0.02

0.09

NiO

0.02

0.02

0.02

0.03

0.02

0.03

P2O5

0.21

0.12

0.27

0.02

0.01

0.02

SO3

0.04

0.02

0.05

0.01

0.01

0.02

Cl

1.32

0.24

1.72

0.13

0.07

0.15

Total

78.33

7.23

100

88.27

1.83

100

Abbreviations: Desc. = description; Mbsf = meter below seafloor; SD = standard deviation
*Total Fe expressed as FeO

4.5 Discussion
4.5.1

Compositions and textures of the palagonite and nature of
the original Chicxulub impact melt

The impact glass preserved in the upper peak-ring breccias has been extensively
altered; no pristine, unaltered (i.e., non-hydrated, isotropic) glass was discovered in this
study. Despite their vitreous appearance in plane-polarized transmitted light (Figs. 4.2-4.3
and 4.5), their partially isotropic nature in crossed-polarized light, and BSE imaging
indicates these clasts comprise a combination of hydrated, poorly crystalline material,
i.e., palagonite (Stroncik and Schminke, 2002; Seligman et al., 2016), and clay minerals
(var. saponite, montmorillonite) (Chapter 3, this thesis) (Figs. 4.4-4.5, and 4.7). This
material has been referred to as ‘altered glass’ in earlier studies focusing on initial
lithologic characterization of the peak-ring core (Gulick et al., 2017b) and it was later
described as palagonite by Simpson et al. (2020) (Chapter 2, this thesis). The palagonite
is compositionally similar to the clays and appears amorphous at the microscale but some
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have a smectite-like texture at the nanoscale (Fig. 4.4A and B), suggesting short-range
crystallinity. These observations are consistent with the origin of palagonite as a
precursor material to clay formation from hydrated glass (Valle et al., 2010; Seligman et
al., 2016).
In transmitted light, the palagonite varies between green-yellow and dark brown and,
surprisingly, in most clasts there was little chemical difference between the different
colors, even when WDS totals were recalculated to 100 wt%. The exception was
measurements for sample 53R-3 (Subunit 2A) that showed significant differences
between the lighter green-yellow and darker brown varieties (Table 4.1; Fig. 4.6), which
allows some key comparisons to be made. Although no unaltered impact glass was
discovered, there are primary, globular-shaped, compositionally distinct textures
preserved, which we interpret as indicating that two distinct melt compositions were
initially present. In sample 53R-3, the green palagonite is more Na-Si-Al rich, and low in
Mg-Fe, and the brown glass is more depleted of Na-Si-Al, and Ca-Mg-Fe rich (Table 1;
Figs. 3 and 6), a feature also shared with some of the Beloc and Mimbral type locality
Chicxulub microtektites (Fig. 9) (Belza et al., 2015). The green palagonite (Gg) in 53R-3
is compositionally distinct compared to other samples; the Al and Na content remains
relatively high (Al2O3 = ~20 to 25 wt%; Na = ~4 to 10 wt%) compared to other green and
brown glasses (Al2O3 = ~12 to 17 wt %; Na = ~0 to 2 wt %) (Table 4.1) and the oxide
totals are higher (87.68 wt %) than other green glasses (69.10 to 78.33 wt %). However,
these clasts have been affected by hydrothermal alteration, and so it is possible that the
higher Na content is partially a result of post-impact hydrothermal enrichment.
Alternatively, some elements have been underestimated or redistributed due to alteration
and these measurements may not be an accurate representation of the primary melt
composition.
The brown palagonite (Bg) within sample 53R-3 is significantly more altered (i.e.,
lower totals, compositionally and texturally similar to the clays) than the green variety
(Table 1; Figs. 4.4C, 4.6). In all samples the smectites were more Mg- and Fe-rich (MgO
+ FeO = 18.58 to 30.84 wt%; Table 1) and Al-depleted compared to palagonite (MgO +
FeO = 6.63 to 27.30 wt %; Table 1), but each had similar amounts of Si (Table 1; Fig. 8).
The consistently higher Mg and Fe in the smectites could be due to the alteration and

160

leaching of an initially mafic end member, primary glass composition, Mg- and Feenrichment from the fluid or both (Pirajno, 2009). Interestingly, all glass types –
regardless of their initially felsic or mafic compositions – seem to alter predominantly to
a Mg-Fe-rich smectite. This pattern was also noted by Belza et al. (2015) in the
microtektites and challenges the assumption that Fe-Mg-rich clay alteration products are
an indicator of a more mafic precursor as has been previously proposed by some (Kettrup
et al. 2000; Kettrup and Deutsch, 2003; Schulte et al., 2003). The chemically distinct,
sharply-defined, globular textures observed in these altered glasses are interpreted as
immiscibility textures, indicting the clasts cooled form two end member primary melts.
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Figure 4.9: Bivariate major element diagrams for altered glass (palagonite) and
smectite (mostly smectite). Major element oxide abundances were determined using
WDS point analysis and normalized to 100 wt %.

Figure 4.10: Chemical composition of altered green and brown glass (palagonite)
from the peak-ring (Na2O + K2O versus SiO2 + Al2O3) compared to the Mimbral
and Beloc distal ejecta microtektite glasses (Belza et al., 2015) and suevite and green
glass from the Yaxcopoil-1 and Yucatàn 6 cores (Claeys et al., 2003; Ames et al.,
2004). The results have been recalculated to 100 wt %. Element oxide abundances
were determined using WDS point analysis and normalized to 100 wt %.
Abbreviations: gg = green glass; low. = lower; mid. = middle; up. = upper; Yax =
Yaxcopoil-1 drill core; Yuc = Yucatàn 6 drill core.
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Figure 4.11: Total alkali versus silica (TAS) diagram showing the classification of
altered green and brown impact glass (palagonite) from sample from Subunit 2A
(sample 53R-3, 50 to 51cm, 658.5 mbsf). Results for hydrated green glass from the
Mimbral, Mexico microtektites (Bohor and Betterton, 1995; Belza, 2015) and green
glass and melt rocks from the Yaxcopoil-1 and Yucatàn 6 drill cores (Claeys, 2003;
Ames, 2004) are shown for comparison. Element oxide abundances were determined
using WDS point analysis and normalized to 100 wt %. Abbreviations: low. = lower;
mid. = middle; up. = upper; Yax = Yaxcopoil-1 drill core; Yuc = Yucatàn 6 drill
core.
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4.5.2

Glass alteration mechanisms

Overall, the chemical compositions, alteration textures, and mineralogy preserved in
the peak-ring altered glasses, as well as the glass spherules in the distal ejecta and glass
clasts within melt-bearing breccias collected from previous drill cores in Chicxulub
(Claeys et al., 2003; Ames et al., 2004; Zürcher and Kring, 2004; Belza et al. 2015),
suggests that they have altered in a similar way to volcanic glasses (Stroncik and
Schmincke, 2002). The clasts show a range of alteration intensity. Some are mostly
comprised of resinous palagonite that preserves different colors and immiscibility
textures (Fig. 4.2), and as the alteration progresses, this material is partially to completely
replaced by coarser-grained and better-crystallized clay minerals, zeolites and carbonates
(Fig. 4.7). Similar to the microtektites, the palagonite commonly forms an exterior ‘shell’
on clasts while the interiors are more altered and have been replaced by other secondary
minerals (Figs. 4.5C-D, 4.8); this feature is also commonly found in hydrothermally
altered basaltic glasses formed at mid-ocean ridge environments.
X-ray diffraction and spectral analysis presented in Simpson et al. (2020; Chapters 2
and 3 of this thesis) indicate these clay minerals are primarily hydroxy-interlayered FeMg and Al-smectites, mostly saponite, nontronite and montmorillonite, with trace
amounts of illite and chlorite. These clays also form parallel, equidistant and concentric
bands within the clasts, a feature also noted in the Mimbral type microtektites, and
suggests that the glass was gradually and progressively replaced by corrosion ‘fronts’ via
in situ hydrolysis (Belza et al., 2015).
Fresh, unaltered glass is composed of a disordered, non-crystalline network of various
cation tetrahedra, predominantly Si and Al, and readily alters via a series of isovolumetric
dissolution-precipitation reactions forming an intermediate gel-like phase (i.e., gel and
fibro-palagonite), which subsequently releases cations that react with fluids to complex
and form various minerals depending on the temperature, pH and starting fluid chemistry
(Crovisier et al., 1983; Singer and Banin, 1990; Stroncik and Schmincke, 2002; Valle et
al., 2010). This series of hydration reactions, also called silicate hydrolysis or H+
metasomatism (Pirajno, 2009), results in the overall uptake of H+ ions into primary
materials and in hydrothermal environments, increases the surrounding fluid pH to a
range favorable for the formation of zeolites, clay minerals and other high Si-Al
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secondary phases. In natural glasses the alteration pathways can progress in two general
ways depending on their primary chemical composition and the conditions of the
surrounding environment: in high SiO2 glasses (e.g., obsidian/rhyolite) alteration is
thought to occur via hydration followed by clay formation, and in low SiO2 glasses (e.g.,
sideromelane), alteration occurs in a two-step process via initial hydration, followed by
palagonitization and subsequently clay formation. High Si-Al glass tends to alter less
rapidly because more water is required to disrupt the more polymerized Si-O and Al-O
network. At Chicxulub, in both the peak-ring and the distal ejecta, the green glasses tend
to be relatively higher in Si-Al compared to the black and red glasses, which helped to
sustain a higher level of resistance to alteration in the former. It is unclear, however, why
some clasts – even within the same sample – are more altered (i.e., completely replaced
by clay minerals, carbonates and zeolites) and some are significantly less altered and
preserve the delicate melt-immiscibility textures. One possibility is that the more altered
glass may have initially contained a higher volatile content (e.g., CO2, H2O) Yet another
similarity with the microtektites are the Fe-Ti oxides dispersed throughout the palagonite
and clays (Figs. 4.4E-F, 4.7A, C); in both localities these are usually too small to be
spatially resolved.

4.5.3

Comparison with the distal microtektite glasses and the
Yaxcopoil-1 core, and implications the primary melt
composition
Previous studies determined the compositions of both pristine and altered impact

glasses within Chicxulub crater fill lithologies collected from the Yaxcopoil-1 and
Yucatàn 6 drill cores (Claeys et al., 2003; Ames et al., 2004) and distal ejecta
microtektites in Mimbral, Mexico, and Beloc, Haiti (Bohor and Betterton, 1995; Belza et
al., 2015). Although the geochemical data include the effects of post-impact alteration
processes, the primary impact melt textures preserved within the altered peak-ring glasses
in this study do not appear to have been modified extensively. Hence, some general
conclusions can be drawn based on the overall chemical trends. To allow such
comparisons among the glass types, all totals have been recalculated to 100 wt % (Table
1). All of the green microtektites from Mimbral have oxide totals of ~90 wt %, similar to
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those of the altered peak-ring glass, whereas the varieties from Beloc and the Yaxcopoil1 and Yucatàn 6 breccia-hosted glasses are generally considered non-hydrated (i.e., oxide
totals close to ~100 wt %).
Overall, the peak-ring and annular trough impact melt-bearing breccia-hosted
glasses (i.e., peak-ring, Yucatàn 6 and Yaxcopoil-1) have higher alkali content (K2O +
NaO = ~4 to 14 wt %) compared to the distal ejecta microtektites (K2O + NaO = ~2 to 4
wt %) (Tables 4.1-4.2, Fig. 4.10) (Bohor and Betterton, 1995; Claeys et al., 2003; Ames
et al., 2004; Belza et al., 2015). This difference is likely due to a higher degree of
hydrothermal alteration and enrichment in alkali elements of the crater fill impactites
relative to the distal ejecta (Belza et al., 2015). The brown glass we studied here from the
peak-ring is most similar to the pristine Beloc variety, yellow microtektite glass (Fig.
4.10). The peak-ring brown glass, however, is generally more altered than the green
variety and it is difficult to know how much of the original geochemical signature has
been modified by post-impact hydrothermal alteration. As noted above, on a total alkali
versus silica (TAS) diagram the green glass in the peak-ring is categorized as
andesite/trachyandesite/trachyte (Fig. 4.11), which varies slightly depending on the alkali
composition, and the brown glass is mostly basaltic. This chemical dichotomy has been
noted previously in the microtektites and is attributed to the immiscibility of two
compositionally distinct end members that were generated from melting the thick
sedimentary sequence and crystalline basement target rocks (Belza et al., 2015). Overall,
the green glass in the peak-ring is compositionally more similar to the Unit 6 melt rock in
the Yaxcopoil-1 core and the breccia-hosted glass fragments in the Yucatàn 6 core
(Claeys et al., 2003; Ames et al., 2004) than the distal ejecta glasses, which are lower in
alkalis, higher in silica, and classified as dacite (Table 4.2) (Fig. 4.11).
Ames et al. (2004) noted that the Unit 6 impact melt in the Yaxcopoil-1 core was
enriched in K2O relative to the most pristine, unaltered Unit 5 melt, also shown for
comparison in Figure 4.1; this difference was attributed to post-impact hydrothermal,
potassic enrichment. In pristine microtektite green glasses, Si, Ca and alkali content vary
significantly while Al remains relatively high; Belza et al. (2015) suggests that these
features are the result of an admixture of mineral melts comprised of CaAl2Si2O8,
NaAlSi3O8, KAlSi3O8 and SiO2, and the homogenized intermediate composition melt
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sheet that comprises the black glasses. This suggestion supports the interpretation that the
green hydrated glasses in the microtektites with low analytical totals initially represented
a high Si-Al-K glass that experienced ion exchange resulting in alkalis being leached out
of the glass, a process that could likely have affected the glass within the peak-ring.

Table 4.2: Major element compositions of green glass in peak-ring sample 53R-3
compared to the Mimbral locality microtektite hydrated green glasses.
Peak-ring hydrated
Description green glass

Mimbral ‘microtektite’ hydrated green
glass
Bohor and
Betterton (1993)

This study; Table 1

(average, n =

Belza et al., (2015)

Source

(average, n=25)

unknown)

(average, n=27)

SiO2

52.43

60.82

59.30

Al2O3

19.43

14.88

14.4

Na2O

5.73

0.99

2.50

MgO

2.88

2.46

2.26

TiO2

0.52

0.70

0.69

CaO

2.00

5.21

3.91

K2O

0.45

0.91

0.86

FeO*

3.75

4.35

4.35

MnO

0.04

nd

0.09

NiO

0.02

nd

LOD

P2O5

0.13

nd

0.07

SO3

0.04

nd

LOD

Cl

0.34

nd

LOD

Total

87.68

90.38

88.40

*Total Fe expressed as FeO.
Abbreviations: nd = not detected; LOD = below the limit of detection.
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4.6 Conclusions
Results from this work show that the glass clasts preserved within the Chicxulub
peak-ring core are comprised of a partially isotropic, resinous yellow-green to brown
material interpreted as palagonite, which is poorly crystalline and has a smectite-like
texture at the nanoscale suggesting short-range internal order. These glass clasts display
varying degrees of alteration; some consist mostly of palagonite, and some are more
altered, which can include complete replacement by zeolites, carbonates and smectites.
The degree of alteration increases with depth through the core, where the palagonite
becomes more infrequent and clasts are more pervasively altered as the underlying meltrock, Unit 3, is approached.
No pristine glass has been recovered yet from the peak-ring. Despite being altered,
however, immiscibility textures in the glass indicate that two distinct initial melt
compositions were initially present. One melt end member is represented by palagonite
clasts that are light green-yellow in transmitted light and felsic (high Si-Al-Na) and a
second melt is represented by darker brown and more mafic (low Si, high Fe-Mg-Ca)
palagonite. The brown clasts are usually more altered and chemically similar to the more
crystalline Fe-Mg smectites, which are consistently more Mg-rich than either type of
palagonite. On a TAS diagram the green glass in the peak-ring is classified as trachytetrachyandesite-andesite, and the brown glass is more basaltic. Similar to results from the
Yaxcopoil-1 core, however, it is difficult to say how much alkali enrichment has occurred
during post-impact alteration, and hence this classification could be inaccurate. That said,
these interpretations agree with previous observations for Chicxulub and the mixed
carbonate-evaporite sedimentary and granitoid crystalline target (Claeys et al., 2003;
Ames et al., 2004; Hecht et al., 2004; Rebolledo-Vieyra and Urrutia-Fucugauchi, 2004).
When compared to glass recovered at other localities within Chicxulub, the green glass in
the peak-ring is chemically most similar to those in the Yucatàn-6 core and the
Yaxcopoil-1 Unit 6 melt, and the green hydrated microtektite glasses at Mimbral. Similar
to the peak-ring glasses, the samples analyzed within Yaxcopoil-1 were also described as
palagonite (Hecht et al., 2004).
Future work measuring the rare earth element abundances in these clasts is
recommended to help determine whether the glass textures observed here are a result of
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melt immiscibility from a single originally homogenous melt body or if they cooled from
two separate parent melts. Higher resolution analytical techniques such as TEM or LAICP-MS on the palagonite would also aid better characterization of its crystallinity and
chemical composition.
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Chapter 5

5

Conclusions and future work

5.1 The importance of using Earth as a natural laboratory
for planetary exploration
Space exploration is one the most inspiring but difficult human ventures.
Geology, as a discipline, is very much ‘hands-on’, driven by field work and sample
analysis, and discerning the geologic history of Mars or other planetary bodies that we
cannot send humans to explore is a challenging endeavor. As geologists, currently we are
limited to collecting samples as meteorites (e.g., Martian, Lunar) or those brought back
from the Moon during the Apollo missions, Earth-based remote sensing datasets, and
rover observations, and our interpretations of the processes that shape our Solar System
will remain somewhat speculative until we are able to send humans or, as technology
continues to advance, more sophisticated substitutes for humans. The interpretation of
geologic and surface features observed on other bodies is based on ground-truths we
recognize here on Earth; therefore, terrestrial analogue studies are crucial to
understanding geologic processes that occur on other planets and satellites.
Impact craters are one of the most common features found on all solid bodies in
our Solar System and are widely recognized within the planetary science community as
ideal localities to host and possibly preserve evidence for extant or extinct life, usually in
the form of extremophilic microbial communities (Naumov, 2005; Cockell, 2006;
Osinski et al., 2013); we see modern day processes similar to this in the form of
hydrothermal sea floor vents and hot springs at geothermally active locations like
Yellowstone National Park, United States. A few studies focusing on uncovering
definitive evidence for ancient life harbored within these hydrothermal systems in craters
on Earth have been successful (Parnell et al., 2012; Sapers et al., 2014; Osinski et al.,
2020a). Therefore on planets such as Mars where we see extensive evidence for water
and hydrated minerals (Ehlmann et al., 2013; Ehlmann and Edwards, 2014; Bristow et al.,
2018), it makes sense that we might consider this process has occurred there as well and
should focus on impact craters as potential hotspots to preserve ancient extraterrestrial
life if it ever existed.
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Relatively few impact craters on Earth have been explored in detail (Osinski et
al., 2013), with a few exceptions such as the Ries impact structure, Germany (Osinski et
al., 2005a; Sapers et al., 2017), the Haughton impact structure, Canada (Osinski et al.,
2005b; Izawa et al., 2011) or the Manson impact structure, United States (McCarville and
Crossey, 1996). The impact cratering record on Earth is poorly preserved, and commonly
these structures are not accessible and/or overprinted by later events making it difficult to
discern hydrothermal alteration from lower temperature weathering and diagenesis. With
the goal of providing a more complete picture of the inner workings of these
hydrothermal systems, this thesis has presented a case study of core material recently
collected from the peak-ring of the 66 Ma, 180-km diameter Chicxulub impact structure
in the southern Gulf of Mexico and northern Yucatán peninsula (Renne et al., 2013;
Morgan et al., 2016; Gulick et al., 2017a, b). In particular, this thesis investigated the clay
mineralogy preserved within the peak-ring impactites, identified the fluids that affected
the structure, provided some constraints on hydrothermal temperatures and also
determined the composition and alteration features preserved in the impact glasses. The
key findings and implications of this thesis, as well as recommendations for future work
are summarized here.

5.2 Impact-generated hydrothermal alteration in the
Chicxulub peak-ring and implications for life on other
terrestrial planets
This thesis began by examining secondary alteration preserved in the peak-ring of
the Chicxulub impact structure. Samples were obtained from the most recent drilling that
took place offshore during the joint International Ocean Discovery Program –
International Continental Scientific Drilling Program (IODP–ICDP) Expedition 364 at
site M0077A (21.45° N, 89.95° W) (Morgan et al., 2016; Gulick et al., 2017a). This
campaign recovered ~830 m of continuous core that was subdivided into four main
lithological units (Gulick et al., 2017b). Impact-generated hydrothermal alteration is a
well-documented geologic process in other terrestrial impact craters, including other
locations within Chicxulub (Ames et al., 2004; Zürcher and Kring, 2004), and is thought
to also occur on other rocky water-bearing planets (e.g. Mars) (Osinski et al., 2013).
Analysis of this drill core indicated that hydrothermal alteration affected all lithologies
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and is especially pervasive within the glass-rich melt-bearing breccias (Kring et al., 2020;
Chapter 2). The secondary phases identified in this study are consistent with the findings
of previous hydrothermal studies in other areas of the Chicxulub structure, and suggest an
evolving water-rock system that was alkaline-saline, comparable to seawater-basaltic
glass alteration (Ames et al., 2004; Kring et al., 2004; Zürcher and Kring, 2004; Zürcher
et al., 2005). The work summarized in Chapter 2 was also exploratory in nature;
Chicxulub is arguably one of the best-preserved peak-ring craters on Earth and until
2016, very little was known about how peak-rings formed, what they were made of and
whether they were ideal localities to develop hydrothermal environments (Morgan et al.,
2016).
The results from Chapter 2 revealed the upper peak-ring has been affected by
hydrothermal alteration, but also emphasizes the need for additional detailed geochemical
and geochronological studies such as stable isotope geochemistry, fluid inclusion analysis
or 40Ar/39Ar, as many of the secondary phases preserved within these lithologies form
over a wide range of conditions and their interpretation as high or low temperature
alteration products can be ambiguous (Deer et al., 2004; Pirajno, 2009). The peak-ring
does, however, provide some robust evidence indicating that high temperature (~350°C,
possibly as high as 400°C locally) hydrothermal alteration affected the structure, albeit
possibly only ephemerally during the earliest stages of cooling. Within the melt rocks and
melt-bearing breccias there are localized secondary andradite-grossular garnets (Kring et
al., 2020), evidence for K-metasomatism and euhedral, coarse crystalline, higher
temperature zeolites, heulandite and Na-dachiardite (Chapter 2, this thesis). However, the
heat provided by the relatively thin (~26 m-thick) layer of melt at the base of the peakring sequence could not have sustained the conditions required for the higher temperature
phases preserved here for very long. There are other more pervasive secondary phases
throughout the impact lithologies whose provenance as high or low temperature cannot
be narrowed down without further geochemical information, namely the carbonates, FeMg clay minerals, analcime, some alkali feldspars, and lesser amounts of opal, Fesulfides and Ti-Fe oxides.
The results of this thesis reinforce previous observations that impact cratering has
the potential to develop transient hydrothermal systems and provide mineralogical
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evidence that peak-ring structures in particular may be an environment favorable for
microbial life to thrive, if it was pre-existing. The relatively porous and permeable host
rocks provide an excellent substrate for endolithic organisms (Pontefract et al., 2012;
Osinski et al., 2013; 2020a) and temperatures indicated by the secondary minerals
preserved here certainly indicate favorable conditions for colonization by extremophiles
(~110 to 40°C). Without definitive evidence (e.g., microfossils, δ34S), however, we can
only speculate that extremophiles existed. In Chicxulub, a few instances of framboidal
pyrite have been discovered within the impact breccias and touted as evidence that
thermophilic bacterial communities did indeed form here (Machel, 2001; Kring et al.,
2020).
One of the limiting factors to microbial colonization within an impact crater is the
lifetime of hydrothermal activity; very little is known about how long these systems take
to initiate and become amenable to life during the modification stage, and how long they
might last. A few attempts have been made to model and date impact hydrothermal
systems, and in large craters such as Chicxulub these estimates fall within the range of 12 million years (Ames et al., 1998; Abramov and Kring, 2004, 2007), with some
preliminary data showing evidence for possibly up to 6 million years (Pickersgill et al.,
2019). Unfortunately, geochronological studies of impact hydrothermal alteration are
often hindered by the ability to uncover and select an ideal sample on which to perform
radiometric analysis, as these minerals are generally affected extensively by retrograde
alteration and diagenesis leading to convoluted and low-fidelity results.
To summarize, evidence presented in Chapter 2 indicates relatively high
temperature hydrothermal alteration occurred in the Chicxulub peak-ring, but these
conditions were likely transient in nature. That said, we have sampled but a single drill
core and significant contextual information about surrounding material – such as
variation in melt rock thickness – is lacking. Geophysical measurements and previous
drilling expeditions suggests the impact melt preserved within peak-ring core forms the
outer edge of a much larger, ~3 km-thick body of melt centralized within the inner crater
basin, which may have provided the heat required to sustain the conditions preserved here
(Ames et al., 2004; Zürcher and Kring, 2004; Zürcher and Kring, 2005; Gulick et al.,
2017a, b). The majority of the secondary minerals in the peak-ring form over a wide
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range of conditions leaving their utility as paleoenvironmental indicators of temperature
speculative at best without additional geochemical constraints (e.g., stable isotope
geochemistry, fluid inclusion analysis). There is some evidence suggesting microbial
communities (e.g., sulfate reducing bacteria) were established during the later stages of
cooling, and these claims would be made stronger by δ34S analysis (Machel, 2001).
The results presented in this chapter also emphasize that care must be taken to not
over interpret secondary alteration observed in association with impact structures on
Earth, Mars and other rocky planets and satellites, particularly when there is limited
geologic context. Although some of these phases form at elevated temperatures, the
majority may also form at much lower, ambient conditions and do not necessitate a high
temperature, hydrothermal origin.

5.3 Clay mineral production in impact hydrothermal
settings: what works, what doesn’t and what we don’t
know
The third chapter of this thesis examined the clay mineralogy (<0.2 and <2 µm
size fraction) of the upper peak-ring impactite sequence and employed stable isotope
geochemistry (δ2H and δ18O) to determine the conditions that lead to clay mineral
formation as well as the hydrothermal fluids and temperatures that affected this part of
the structure. Clay minerals are notoriously complex and difficult to study in a laboratory
setting or on distant worlds via remote sensing satellites or rover-based operations.
Multiple instrument datasets are commonly utilized in their identification. In order to
accurately identify the clay minerals, this study made use of powdered X-ray diffraction
(pXRD), spectral analysis (UV-VNIR range), and backscattered electron (BSE) imaging
and wavelength-dispersive spectroscopy (WDS) element mapping using an electron
microprobe.
Clay minerals can form over a wide range of conditions and are found
ubiquitously on Earth and across the surface of other hydrous planets and satellites
(Brindley and Brown, 1980; Ehlmann and Edwards, 2014; Michalski et al., 2015; Turner
et al., 2016; Bristow et al., 2018). On Mars, they are concentrated in heavily cratered
ancient Noachian terrains that suggests an impact provenance but, similar to other
alteration assemblages, are too often prematurely ascribed a high temperature
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hydrothermal origin (e.g., Marzo et al., 2010; Carozzo et al., 2016). Terrestrial studies
focusing on the clay mineralogy of impact craters are sparse, likely due to the poor
preservation state of most structures as well as the general difficulty, time and cost
associated with clay mineral analysis. Clay minerals are ubiquitous throughout the
Chicxulub upper peak-ring impactite sequence, likely due to the alteration of impact
glass, and the excellent core recovery at regular intervals presents an opportunity to study
the clay mineral stratigraphy of an impact crater.
Results from this work show that the clay mineralogy of the Chicxulub upper
peak-ring impactites is diverse, and comprised predominantly of hydroxy-interlayered
smectites with lesser amounts of chlorite and illite. The clay mineral δ18O signatures
correlate with changes in physical properties of the host rock and changes in the clay
d(060). The upper intervals of Unit 4 are dominated by trioctahedral smectites, var.
saponite, and these gradually change to include a dioctahedral component in the lowermid intervals of 2B, and eventually these revert back to predominantly trioctahedral in
the upper intervals of 2B and A. The changes across these datasets correlate with each
other extraordinarily well, with the exception of the δ2H signatures, which remain
consistently low throughout the impactite sequence.
The most striking results from this study are the correlations among changes in
smectite d(060), oxygen isotope compositions, and host rock porosity and permeability;
as porosity increases, clays become more dioctahedral and they also become enriched in
18

O (δ18O = +14.2 to +18.6 ‰) relative to the trioctahedral intervals (δ18O = +10.4 to

+14.1‰). This could be interpreted as isotopic changes arising from crystal chemistry
effects (i.e., 18O concentrates more in Al-OH bonds vs Fe-OH or Mg-OH), changes in
alteration temperature, increased W/R ratio or possibly a change in fluid δ18O that
affected these intervals at a later stage.
If we assume that these clays precipitated from the same fluid at the same time,
we can definitively say that the dioctahedral-dominant intervals formed at lower
temperatures relative to the trioctahedral clay minerals. We could also interpret these
oxygen isotope signatures as indicators of changing W/R ratios, particularly in the more
porous and permeable intervals, which would have led to prolonged isotopic exchange
between the fluid and rock. We could also hypothesize that the fluid composition
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changed, either throughout the lifetime of the hydrothermal system or much later at
ambient conditions, and these different clay stratigraphic intervals formed at relatively
similar temperatures. The consistent δ2H, however, suggests the fluid source remained
unchanged throughout all units and we also cannot discount post-formational hydrogen
isotopic exchange that occurred independent of the oxygen isotopes. Adding to this
already complex situation is the fact that these smectites are hydroxy-interlayered, the
composition of which we do not know, and these interlayers could have had an effect on
the mineral-water isotopic fractionation.
The very low hydrogen isotopic compositions reported in Chapter 3 (δ2H = –105
to –87 ‰) of the smectites was an unexpected result and likely indicates a meteoric
water-dominated Gulf Coast Brine, not seawater or its evolved equivalents, was the
dominant fluid that formed these clay minerals. Previous work by Zürcher et al. (2005),
who analyzed the bulk silicate fraction δ2H, is the only dataset available for comparison
and those values were significantly higher (δ2H = –54 to –34 ‰). The isotopic data
presented by Zürcher et al. (2005), however, are representative of all oxygen-bearing
silicates and hydrous minerals and the samples were collected from the annular trough
region of the crater, and so it is not unlikely that these structurally distinct areas were
affected by different fluid sources. Gulf Coast Brines with unusually low δ2H signatures
have been reported in this region (Knauth and Beeunas, 1986; O’Neil et al., 1986) and if
we consider the position of the clay data relative to the supergene-hypogene and
weathering lines in δ2H- δ18O space as a guideline for their formation temperatures, the
calculated fluid compositions reflect a Gulf Coast Brine origin (Figures 9a-b; Chapter 3).
Regional-scale fluid movement was likely driven by an extensive impact-induced fracture
network and, at least initially, the heat of the hydrothermal system.
So what works and what doesn’t? We know for certain that clay mineralogy
varies stratigraphically in the peak-ring. The results of this study show this exceptionally
well through the pXRD and spectral characterization and very distinct and easily
traceable changes in the smectite d(060) between saponite and montmorillonitedominated intervals. We also know that generally, these smectites formed at relatively
warm temperatures; however, we cannot definitively say that all smectites are
hydrothermal and, indeed, many of these clays likely formed at a much later stage during
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crater cooling or possibly ambient conditions (~15-25°C). We can also predict that the
montmorillonite-dominated intervals formed from more diluted (i.e., lower Mg and Fe)
fluids, leading to the formation of more aluminous clays and therefore the more 18O-rich
isotopic signatures arising at least in part from crystal chemistry effects. We also know
that the clay mineralogy is complex; the peak-ring <0.2 and <2 µm size fraction is
comprised of predominantly smectites, but they are commonly interstratified with
something else that continues to evade full characterization in the absence of additional
datasets (e.g., TEM). We don’t know the timing of clay formation, although we can
predict that the fluid was similar based on the consistently low δ2H signature that remains
relatively unchanged throughout the core.
How the highly altered interval in Sub-unit 2B within the peak-ring (~689 to 706
mbsf) formed and what it represents remain slightly ambiguous. This section of Sub-unit
2B is variable in terms of physical properties (i.e., porosity and permeability) as well as
the shape and size of its clasts, which become more rounded and larger approaching the
underlying melt rock (Gulick et al., 2017a, b; Christeson et al., 2018). The results from
this chapter also indicate this interval is mineralogically and isotopically distinct
compared to the rest of the upper peak-ring. The general properties of these rocks (e.g.,
larger, more rounded clasts, high porosity, friable) in this altered interval of Sub-unit 2B
suggest formation in a higher energy environment than the rest of the impactite sequence.
It remains a discussion point as to whether these differences are: (i) due to their
depositional environment as a product of the melt-fueled coolant interaction (MCFI;
Osinski et al., 2020b), or are the result (ii) of their proximity to the underlying melt, or
(iii) their overall susceptibility to regional-scale fluid events that affected the structure
millions of years after the impact, or (iv) a combination of all of these remains a
discussion point.
In conclusion, the following interpretations can be made: (1) Fe-Mg and Alsmectites, interpreted as saponite and montmorillonite, are the most common clay
mineral groups present in the peak-ring and most of them contain an additional poorly
defined, hydroxy-interlayer component; (2) the smectite mineralogy varies with depth
and intervals that are more porous and permeable are dominated by montmorillonite, and
those that are relatively less permeable are mostly Fe-Mg smectites; (3) the clay
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mineralogy and their respective δ18O changes throughout the peak-ring, but whether these
changes represent different temperatures, crystal chemistry isotopic effects (i.e., Al-OH
vs Mg-OH or Fe-OH bonds), timing or fluid chemistry (i.e. Al vs Mg/Fe concentration),
or a combination of all of these factors, remains speculative although their consistent δ2H
signature supports formation from a meteorically-derived Gulf Coast Brine. These results
also challenge the interpretation of clay mineral deposits found concentrated within and
surrounding impact structures across the surface of Mars and other hydrous rocky planets
and satellites (e.g., Ceres) as indicators of ancient hydrothermal systems. While some of
the clay minerals within the peak-ring formed at relatively elevated temperatures as
indicated by their position relative to the smectite supergene-hypogene lines, many clays,
even at depth, formed at much cooler, ambient conditions.

5.4 Chicxulub peak-ring impact glass geochemistry and
alteration, and implications for the precursor target
composition
Chapter 4 of this thesis examined the geochemistry and textures preserved in the
altered impact glass clasts within the upper peak-ring impactite sequence. Impact glasses
(i.e., whole rock glasses) hold key information on the formation of a crater as it is
commonly used, for example, to determine an impact’s age, the projectile component or
the target composition (Dressler and Reimold, 2001; Johnson and Melosh, 2012; Osinski
et al., 2018). Unfortunately, pristine, unaltered impact glass (i.e., whole rock glass) is
metastable and easily devitrified on Earth’s surface (Stroncik and Schmincke, 2002;
Seligman et al., 2016), and is rarely recovered from terrestrial impact sites. Chicxulub
was no exception, and the glass within the peak-ring in particular is pervasively altered to
a mixture of a nanocrystalline, resinous, hydrated material interpreted as palagonite, and
smectites. Despite being highly altered, the palagonite preserves optically and
compositionally distinct zones and textures that are interpreted as melt immiscibility
textures; in this chapter we describe this material and attempt to link these altered glasses
to their precursor melt compositions.
The globular textures and vitreous greens, yellows and browns of the palagonite
resemble glass but their extinction is undulatory in cross-polarized light and not
completely isotropic, as a pristine glass should be. When examined using the electron
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microprobe this material is fairly heterogeneous; some clasts appear to have short-range
crystalline order on the nanoscale and a “smectitic”, flaky texture, while in other areas,
even within the same clast, the material is unresolvable and texturally nondescript. The
geochemical compositions of the palagonite indicates it is hydrated (total oxide wt % =
69.1 to 87.7%) and those results support two initial precursor melts, one that is
represented by zones that are lighter green-yellow in transmitted light and more felsic
(i.e., high Al-Si-Na) and a second that is darker brown in transmitted light and more
mafic (low Si, high Fe-Mg-Ca). If the quantitative data are normalized to 100 wt% and
plotted on a Total Alkali Silica (TAS) diagram the more felsic glass can be characterized
as a trachyandesite and the mafic variety is more basaltic in composition. These results
generally agree with previous observations for Chicxulub glasses and reflect the mixed
target composition that comprised several kilometers of sedimentary, carbonate and
evaporate-rich rocks overlying a granitoid crystalline basement (Kring et al., 1991;
Claeys et al., 2003; Ames et al., 2004; Hecht et al., 2004; Belza et al., 2015). These
results also support the utilization of these clasts’ geochemical signature as indicators of
precursor melt compositions; although they are clearly altered and their composition has
been compromised by post-impact alteration, they still generally reflect the results of
previous studies on less altered to pristine glass recovered from other areas inside and
outside the crater.
Glass alteration is a complex process that involves several different pathways and
intermediate products that are not well characterized or understood (Crovisier et al.,
1983; Stroncik and Schmincke, 2002; Seligman et al., 2016). The composition and
textures of the altered glass described here align with current models suggesting that
palagonite is an intermediate phase between an amorphous glass and a clay; the exact
formation conditions of this material, however, remain ambiguous. We could also
speculate that the palagonite is linked to the hydroxy-interlayer material in the smectites
(Chapter 3, this thesis); hydroxy-interlayers in swelling 2:1 clay minerals can consist of
short-range oligomers that resemble brucite or gibbsite-like structures, which could be a
component or characteristic of the palagonite (Georgiadis et al., 2019). Higher resolution
analysis of this material, as well as the clays, is required to make a more accurate
interpretation.
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Palagonite has also been reported in the Yucatàn-6 and Yaxcopoil-1 cores within
Chicxulub (Claeys et al., 2003; Hecht et al., 2004). It is probable that this material also
forms a significant component of altered glass-rich melt-bearing impact breccias in other
terrestrial craters but may have been previously overlooked as a clay or possibly glass.
This brings to question, as well, whether it could form a significant component of the
poorly-crystalline to amorphous material found across the surface of Mars and again
emphasizes the important of terrestrial analogue studies.

5.5 Closing remarks
This thesis began by examining the Chicxulub upper peak-ring impactite
sequence to determine the overall alteration mineralogy and conditions that lead to their
formation. Subsequently, the clay mineralogy of the impactites was explored in detail,
and the conditions that lead to clay formation were determined using their δ2H and δ18O
signatures. Lastly, this thesis examined the impact glass geochemistry and alteration
products to help determine the precursor melt composition. Additional work involving
Transmission Electron Microscopy (TEM) of the clay minerals was planned for chapter
four of this thesis, to be carried out at the Astromaterials Research and Exploration
Science (ARES) center in Houston, Texas, in March 2020. Due to restrictions arising
from COVID-19 this work has been postponed to a later date, as yet to be determined.
This thesis reinforces the continued and future exploration of impact craters as
potential hotspots for preserving evidence for the origins for life on Earth and possibly
other planets, if it ever existed. The results focusing on the clay mineralogy, in particular,
help to remove some of the ambiguity surrounding their formation. Fe-Mg smectite has
been identified at the Perseverance Rover landing site in Jezero Crater, as well as
associated with heavily cratered ancient Noachian terrain and other impact sites across
Mars (e.g., Gale Crater) (Goudge et al., 2017; Horgan et al., 2020). In particular, this
thesis makes a strong case for the consideration of impact craters on water-bearing, rocky
planets and satellites, particularly Mars, as sources for clay minerals. We emphasize,
however, that the presence of clay minerals certainly does not necessitate a hydrothermal
origin. We also suggest the consideration of hydroxy-interlayer smectites and palagonite
as likely components of impact-produced clay minerals and clay-like materials. That said,
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higher resolution analyses are required to complete the characterization of the poorly
crystalline, hydrated material described in of this thesis.
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Appendices
Table A 5: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of
secondary carbonates in subunits 2A-C (wt %).
Subunit 2A

2A

2B

Core

43

53

59

mbsf

627.37

658.49

674.59

Spot

59-V-

ID*

43-1 43-2 43-3 43-4 43-5 53-1 53-2 53-3 53-4 53-5 59-V-1 2

SiO2

0

0

59-V-3 4

5

0.01 0

0

0.01 0

0.04 0.1

Al2O3 0

0.01 0.02 0

0

0

0

0

Na2O

0

0

0.02 0.01 0

0

MgO

0.08 0.04 0

TiO2

0

CaO

63.36 63.61 60.32 64.71 59.31 58.95 61.6 63.15 58.3 62.25 61.67 60.93 55.86 61.66 59.48

K2O

0.01 0

0

0

0.03 0.02 0

0.01 0.03 0

0.01 0

0.01 0

0.09 2.25

0.08 0.12

0.01 0.02 0.01

0.01 0.5

0.03 0.04

0.01 0.01 0

0.02 0.06

0

0

0.02 0.35

0.33 1.54

0.02 0.01

0

0

0

0.02 0.01 0.01 0.02 0

0

0

0

0.01

0.03

0

0

0.02 0.02 0

0.01 0.01

0.01 0.01

FeO** 0.05 0.02 0.03 0.03 0.03 0.02 0

0

0.03 0.02 0.19

0.24 0.95

0.19 0.08

MnO

0.41 0.83 0.29 0.83 0.66 0.06 0.24 0.39 0.23 0.17 1.52

1.97 1.39

0.07 0.17

NiO

0.01 0

0

0

0

0

0

P2O5

0.02 0

0

0.01 0.01 0.02 0.04 0.03 0.01 0

0.05

0.03 0.03

0.03 0

SO3

0.01 0

0

0

0.04 0.01 0

0.03 0

0.01 0.04

0.04 0.05

0.04 0.03

Cl

0.02 0

0

0

0

0

0.01 0.01

0

0.01 0

CO2

36.01 35.47 39.27 34.41 39.87 40.9 38.11 36.36 41.29 37.45 36.12 36.32 37.31 37.85 39.98

0

0

0.06 0.02

59-V- 59-V-

0.02 0.02 0

0

0

0.01 0

0

0

0.01

0

Total 100.02 100.03 100.01 100.05 100.00 100.05 100.05 100.04 100.06 100.09 100.03 100.05 100.01 100.04 100.00

Table A 1: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary carbonates in
subunits 2A-C (wt %) (cot’d).
Subunit 2B

2C

Core

59

84

mbsf

674.59

715.59
59-

59-V- 59-V-

Spot ID* 59-V-6 59-V-7 V-8 59-V-9 10

11

5959-M-1 59-M-2 M-3 59-M-4 84-1

84-2 84-3 84-4
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SiO2

0.02

0.01

0.06 0.08

0.08

0.07

0.05

0.04

0.06 0.06

0.05

1.86 0.01 0.01

Al2O3

0

0

0

0.01

0.01

0.02

0.03

0.02

0

0.04

0.02

0.42 0

0.02

Na2O

0

0

0.01 0.01

0.01

0

0.01

0

0

0.01

0.01

0.15 0

0

MgO

0.02

0.01

0.38 0.31

0.15

0.43

0.29

0.20

0.27 0.48

0.01

0.19 0.05 0.04

TiO2

0

0

0

0.01

0

0

0

0

0

0

0

0

0

0
62.0

CaO

59.94 59.72 59.5 67.69 59.62 58.75 59.61 57.74 60.35 61.19 58.08 58.51 61.71 3

K2O

0

0.01

0

FeO**

0.02

0.02

MnO

0.37

NiO

0

0

0

0

0

0

0.27 0.3

0.18

0.3

0.1

0.05

0.34

1.46 1.63

1.21

1.19

1.66

0.01

0

0.01 0

0

0

P2O5

0.02

0.02

0.02 0.03

0.04

SO3

0

0

0.01 0.03

Cl

0

0

0

0

0

0.08

0.01 0

0.08 0.2

0

0.21 0.13 0.1

0.77

1.48 0.94

0.17

0.06 0.06 0.06

0

0

0

0.02

0.02 0

0.01

0.08

0.05

0.05 0.07

0.02

0.03 0.02 0.02

0.03

0.01

0.05

0.07

0.04 0.07

0.03

0.05 0.04 0.08

0

0

0

0.02

0

0

0

0

0

0

38.2
CO2

39.56 39.85 3

0

29.87 38.62 39.22 38.10 41.09 37.65 36.92 41.44 38.41 37.95 7

100.02 100.01 100 100.02 100.02 100.04 100.03 100.08 4

100.
100.01 99.99 99.99 100 02

*Additional sample ID abbreviations for core 59: V = vesicle carbonate and M = matrix carbonate.
**Total Fe expressed as FeO.

0.04

37.5

100.0
Total

0

199

Table A 6: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of
secondary zeolites in subunits 2A-C (wt %).
Subunit 2A

2A

2A

Core

53

53

43

658.4
mbsf

627.37

Mineral Heu
Point ID 43-1

43-2

658.49

9

Anl

Dac

53-1

53-2 53-3 53-4 53-5 53-6 53-7

53-8 53-9

53-10 53-11 53-12

SiO2

58.67 52.22 55.31 55.24 55.27 59.49 64.73 59.45 58.25 59.07 58.49 59.1 58.84 66.41

Al2O3

16.92 15.52 21.09 20.82 20.96 22.88 23.49 23.18 23.23 22.72 23.37 22.74 22.63 12.17

Na2O

1.96

2.79

12.00 11.88 11.94 11.15 5.08 11.04 11.94 10.89 11.13 10.97 10.76 2.44

MgO

0.19

0.39

0.01

0

0

0

0

0

0

TiO2

0.19

0.04

0.02

0

0.01 0.01 0

0

0

CaO

1.47

0.79

0.03

0.02 0.02 0

0

K2O

10.96 7.81

0.02

0.02 0.02 0

FeO*

0.48

0.61

0

MnO

0

0

NiO

0

P2O5

0

0.01 0

0

0.02 0

0

0.01

0.04 0.05

0.05 0.02

0.01 0.05 2.77

0

0

0

0

0.01

0.01 0

0.14

0.01 0

0.03 0

0

0

0

0

0

0

0.39

0

0

0

0.01 0.02 0.01 0.02

0

0.01

0

0

0

0.01

0.01

0

0

0.01 0.01 0

0.01

0.01 0

0

0

0.02

0.09

0.08

0

0

0

0

0

0

0

0

0

0

SO3

0.04

0

0

0

0

0.01 0

0.01 0

0.01 0

0

0

0

Cl

0.13

0.17

0

0

0

0

0

0

0

0

0.03

Total

91.14 80.49 88.52 88.03 88.27 93.63 93.36 93.77 93.55 92.81 93.05 92.87 92.29 84.43

0

0

0

0

0

0

0

Table A 2: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary
zeolites in subunits 2A-C (wt %) (cot’d)
Subunit 2A

2A

Core

53

53

mbsf

658.49

657.1

Mineral Dac
53Point ID 13

Dac
5353-14 15

5353-16 53-17 53-18 53-19 53-20 53-21 53-22 53-23 53-24 53-25 26
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SiO2

66.91 69.35 69.78 68.96 69.81 64.90 67.69 65.80 66.03 60.94 66.43 69.64 69.92 71.30

Al2O3

12.36 12.62 11.27 12.98 12.20 10.52 12.12 12.21 13.18 11.06 10.95 12.46 11.58 12.04

Na2O

2.33 2.23 4.72 2.13

2.46

1.75

1.83

1.76 2.03

1.66

1.69 2.03

1.67

2.01

MgO

0.01 0

0

0.01

0.04

0

0

0.01 0

0

0

0

0

0.01

TiO2

0

0

0

0

0

0

0

0.04

0

0

0

0

CaO

2.87 2.69 2.66 2.79

2.70

3.02

2.90

2.96 2.91

2.78

2.82 2.92

2.87

2.86

K2O

0.11 0.09 0.12 0.10

0.17

0.10

0.08

0.10 0.11

0.08

0.09 0.06

0.06

0.06

FeO*

0.47 0.39 0.25 0.44

0.38

0.24

0.27

0.45 0.24

0.52

0.33 0.51

0.36

0.46

MnO

0

0

0

0.01

0

0

0.01

0.01 0.02

0.01

0

0

0.01

NiO

0

0

0

0

0

0

0

0.02 0

0

0.01 0.03

0.02

0

P2O5

0

0

0.02 0

0

0

0.02

0.02 0

0.02

0.01 0

0.01

0

SO3

0

0

0.01 0

0

0

0

0

0

0

0.02

0.02

Cl

0.02 0.03 0.04 0.09

0.03

0.02

0.01

0.01 0.15

0.04

0.03 0.14

0.03

0.07

Total

85.08 87.39 88.85 87.51 87.79 80.56 84.94 83.33 84.671 77.15 82.38 87.79 86.53 88.84

0

0

0

0

0

Table A 2: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary zeolites in
subunits 2A-C (wt %) (cot’d)
Subunit 2B
Core

59

mbsf

674.59

Mineral Dac
59Point ID 59-1 59-2 59-3 59-4 59-5 59-6 59-7 59-8 59-9 59-10 59-11 59-12 59-13 14
SiO2

71.81 70.93 72.18 73.37 73.62 67.27 72.74 70.43 67.9 62.35 68.98 69.73 69.7

Al2O3

13.68 13.59 12.93 13.24 13.01 14.21 14.77 14.91 16.16 12.56 12.67 12.81 12.58 11.13

Na2O

2.45 2.28

1.91 0.76

1.97

1.76 2.30

2.15 2.74 1.68 1.26 1.31 1.17

1.07

MgO

0

0.02 0.02

0.01

0.02 0.11

0

0.65 0

0

0.01

0.01

TiO2

0.03 0.02

0

0

0.04 0.02

0.07 0.04 0.16 0

0

0.03

0

CaO

3.45 3.32

3.49 3.51

3.59

3.65 3.86

3.77 3.89 3.66 3.34 3.17 3.47

3.33

K2O

0.06 0.07

0.08 0.07

0.08

0.08 0.10

0.07 0.10 0.17 0.11 0.09 0.10

0.13

FeO*

0.50 0.42

0.28 0.71

1.06

1.02 0.80

1.26 0.42 1.58 0.54 0.62 0.52

0.81

0.01

0.01

0

70.77
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MnO

0

0

0

0.01

0

0

0

0

0

0

0

0

0

0

NiO

0

0.01

0

0

0

0

0

0.02 0.01 0

0

0

0

0

P2O5

0

0

0

0.02

0

0.02 0

0

0.16 0

0

0.01

0

SO3

0

0

0.01 0.01

0.01

0.02 0

0.02 0.01 0

0

0.02

0

Cl

0.06 0.05

0.02 0.03

0.06

0.08 0.04

0.19 0.02 0.03 0.08 0.12 0.19

Total

92.08 90.75 90.95 91.8

0

0.04

93.45 88.22 94.77 92.94 91.35 83.07 87.02 87.89 87.85 87.32

Abbreviations: Anl = analcime; Dac = dachiardite; Heu = heulandite.
*Total Fe expressed as FeO.
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Table A 7: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of
secondary smectites in subunits 2A-C (wt %)
Subunit

2A

2A

Core

53

55

mbsf

658.49

663.1

Point ID 53-1

53-2

53-3

SiO2

41.3

34.59 36.31 39.42 37.09 35.77 40.84 37.45 39.08 39.34 41.14 36.98 37.22 42.9

Al2O3

8.48

10.34 10.63 10.74 10.76 9.94 10.84 10.15 10.05 9.45

9.51 10.01 7.27 8.27

Na2O

0.53

1.18

1.01 0.54

MgO

15.61 14.66 16.26 13.05 11.27 13.44 15.59 13.64 15.59 14.6

16.53 12.97 16.04 18.72

TiO2

0.09

1.54

0.14

0.35

4.14

0.40 0.04 1.77 0.04 0

0

3.17

0.02 0.08

CaO

1.74

2.09

0.87

1.18

2.84

1.74 1.91 3.18 1.52 2.30

1.48 4.79

7.75 2.47

K2O

0.05

1.41

0.38

0.81

4.09

0.16 0.08 0.85 0.12 0.08

0.10 0.72

0.02 0.03

FeO*

13.25 17.42 17.22 15.14 16.91 16.85 17.61 17.17 16.76 16.09 14.87 16.35 10.97 11.91

MnO

0.08

0.25

0.18

0.15

0.23

0.13 0.16 0.19 0.19 0.11

0.11 0.17

0.07 0.07

NiO

0.04

0.04

0.01

0.03

0.01

0.04 0

0

0.03 0.02

P2O5

0.02

0

0.01

0

0.03

0.06 0.03 0.09 0.02 0.03

0.03 0.09

0

SO3

0

0.05

0

0.10

0.02

0.14 0

0.02 0.03 0.05

0.06 0.04

0.13 0.02

Cl

0.27

0.18

0.15

0.17

0.17

0.82 0.46 0.31 0.68 0.64

0.71 0.44

1.54 1.67

Total

81.52 83.8

1.41

53-4

1.24

53-5

0.85

53-6 53-7 53-8 53-9 53-10 53-11 53-12 55-1 55-2

1.94 1.03 0.95 0.85 0.8

0.04 0

0

0.03

0.94 1.05

0

83.61 82.41 88.46 81.5 88.65 85.88 84.97 83.53 85.61 86.35 82.04 87.26

Table A 3: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary smectites in
subunits 2A-C (wt %) (cot’d)
Subunit

2A

2B

Core

55

59

Mbsf

663.1

674.59

Point ID 55-3 55-4

55-5

55-6 55-7 55-8 55-9 59-1 59-2 59-3

59-4

59-5 59-6

59-7

SiO2

40.9 40.07 38.39 39.72 40.3 36.96 37.99 41.31 45.01 36.21 38.43 41.58 41.36 45.27

Al2O3

7.95 8.03

7.66

8.97 8.53 17.75 13.85 7.95 8.39 6.75

14.03 15.13 14.7

13.83

Na2O

0.97 1.00

1.13

1.36 1.44 0.62 2.04 0.28 0.46 0.27

0.57

1.10

MgO

17.11 16.89 17.43 14.09 14.38 14.27 10.75 15.34 18.99 12.00 12.09 10.30 14.69 13.39

0.68 0.88
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TiO2

0

CaO

0

0.01

0.48 2.12 0.13 1.05 3.88 0.01 7.93

0.06

3.39 0.68

0.44

4.86 2.91

3.48

2.07 3.83 0.87 2.43 5.05 1.69 9.29

2.55

2.58 2.87

2.96

K2O

0.02 0.03

0.03

0.91 0.37 1.57 0.24 0.61 0.22 0.63

0.96

1.21 0.62

0.89

FeO*

11.82 13.11 12.48 15.49 13.93 14.9 16.15 10.08 11.51 8.4

11.55 10

MnO

0.06 0.09

0.09

0.14 0.14 0.18 0.21 0.1

0.05 0.09

0.2

0.15 0.26

0.20

NiO

0

0.04

0.01 0.04 0.04 0.02 0

0

0.02

0

0

P2O5

0.01 0

0

0.04 0.14 0

0.01 0.04

0.16

0.12 0.01

0.13

SO3

0.05 0.02

0.02

0.01 0.03 0.01 0

0.04 0.06 0.07

0.07

0.06 0.03

0.05

Cl

1.52 1.53

1.69

0.59 0.68 0.55 1.74 0.13 0.21 0.16

0.63

0.61 0.38

0.22

Total

85.32 83.73 82.49 83.93 85.98 87.92 86.52 84.82 86.67 81.88 81.38 85.86 91.49 92.03

0

0

0

0

14.94 13.49

0

Table A 3: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary smectites in
subunits 2A-C (wt %) (cot’d)
Subunit

2B

2C

Core

59

84

Mbsf

674.59

715.59

Point ID

59-8 59-9

SiO2

45.29 34.52 35.5 39.96 42.22 42.27 40.33 40.37 45.57 48.11 50.15 47.48 42.5 40.58

Al2O3

12.45 13.21 10.7 9.19 7.76

8.82

8.28 9.85

8.32

9.45 9

Na2O

1.21 0.54

0.77

1.09 0.83

1.27

1.71 1.56 1.27 1.25 1.37

MgO

11.04 11.82 11.15 17.73 18.56 18.31 17.77 16.16 20.64 19.73 21.6 19.52 19.17 19.38

TiO2

0.33 0.43

0.12 0.02 0.02

0

0.03 0.01

0

0.03 0.08 1.86 0.01 0

CaO

3.28 2.43

3.22 2.00 2.09

1.96

8.33 3.41

3.02

3.65 2.83 5.3

K2O

0.64 0.07

0.49 0.03 0.05

0.04

0.03 0.05

0.02

0.34 0.20 0.13 0.06 0.05

FeO*

12.58 17.14 11.15 14.11 12.26 13.62 9.1

MnO

0.16 0.23

0.13 0.17 0.08

0.11

0.07 0.05

0.05

0.04 0.05 0.05 0.06 0.09

NiO

0

0.02 0

0

0.01 0.01

0.03

0.02 0

0.01 0.01 0.05

P2O5

0.02 0.03

0.2

0.01 0.02

0.01

0

0.02

0.03 0

0

SO3

0.04 0.05

0.10 0.03 0.03

0.05

0.10 0.04

0.01

0.08 0.1

0.05 0.04 0.04

Cl

0.26 0.14

1.08 0.21 0.29

0.23

0.39 0.59

0.55

0.4

Total

87.35 80.69 74.58 84.15 84.39 86.23 85.58 80.93 90.27 93.31 96.33 93.92 83.08 83.95

0.03

59-10 59-11 59-12 59-13 84-1 84-2

0.68 0.62 0.97

0

9.52

0

84-3

84-4 84-5 84-6 84-7 84-8

7.92 7.91 8.18

1.83 2.44

10.72 9.67 10.3 9.85 9.53 11.13

0.01 0

0.41 0.42 0.65 0.61

204

Table A 3: Wavelength-Dispersive X-ray Spectroscopy (WDS) spot analyses of secondary smectites in
subunits 2A-C (wt %) (cot’d)
Subunit

2C

2C

Core

84

84

Mbsf

715.59

715.91

Point ID 84-9

84-10 84-11 84-12 84-13 84-14 84-15 84-16 84-17 84-18 84-19 84-20 84-21 84-22

SiO2

43.51 45.89 49.38 44.17 44.59 47.7 43.01 38.85 36.24 34.21 42.79 42.39 43.87 38.72

Al2O3

8.59

8.36 10.64 8.46

10.32 11.73 10.36 9.26 11.87 13.55 20.91 21.05 21.26 12.63

Na2O

1.57

1.72 1.69 1.99

1.49

MgO

20.36 20.89 19.26 19.67 18.91 19.78 18.72 18.22 17.12 16.43 5.98

6.51 6.91 17.71

TiO2

0

0.01 0

0.87 1.2

0.09

CaO

2.01

2.16

K2O

0.03

FeO*

12.07 11.49 9.03 10.45 13.22 14.01 13.87 11.54 13.92 15.23 7.8

7.76 8.19 13.37

MnO

0.06

0.06 0.03 0.03

0.08

0.07 0.09 0.09 0.20 0.23 0.08

0.06 0.06 0.09

NiO

0

0

0

0.04

0

0.01 0

0.01 0

0.03 0.03

0

0

P2O5

0.02

0.02 0

0.02

0.01

0

0.03 0.01 0.02 0.02

0

0.02 0

SO3

0.04

0.03 0.01 0.01

0.03

0.02 0.03 0.04 0.05 0.04 0.01

0

0

Cl

0.30

0.30 0.54 0.66

0.32

0.29 0.4

0.13 0.16 0.15 0.07

0.10 0.11 0.21

Total

88.61 90.82 93.27 86.52 91.31 97.26 90.26 81.02 82.46 83.01 88.6

87.67 90.56 86.2

0.8

0.34

0.05 0

1.98 0.87 0.93

2.17

2.08 2.34 1.82 2.03 2.07 0.98

0.96 1

0.02 1.78 0.03

0.07

0.08 0.1

7.74 7.67 0.06

0

0.02 0.07 0.06 1.69

0.19 0.23 1.07

0.06

*Total Fe expressed as FeO.

0

1.39 1.32 0.82 0.6

0.13 0.12 0.14 7.85

0.03

0.01
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Figure A 2: X-ray diffraction patterns (Co Kα source) for Na-saturated, ethylene
glycol-solvated, <0.2 µm size fractions separated from powdered, whole-rock drill
cuttings from (a) core 44, section 1, interval 94-95 cm; (b) core 64, section 1, interval
46-47.5 cm; and (c) core 84, section 3, interval 13-14 cm. The first order basal
diffraction characteristic of smectite is shown as (001) and has d-spacings of 1.698,
1.710 and 1.698 nm, respectively. The second (002), third (003), fifth (005) and sixth
(006) order reflections are also labeled for reference.
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Table A 8: δ2H and δ18O results for the <0.2 and <2 µm size-fractions
<0.2 µm size fraction

<2 µm size fraction

δ2H (‰,

δ18O (‰,

δ2H (‰,

δ18O (‰,

Stratigraphy1

mbsf

VSMOW)

VSMOW)

VSMOW)

VSMOW)

2A

629

–105

+10.9

–102

+11.4

636

–101

+11.4

–97

+11.0

640

–101

+11.7

–100

+11.3

645

n/a

+11.7

n/a

n/a

648

–99

+11.2

n/a

n/a

658

–98

+10.4

n/a

n/a

663

–96

+11.5

–99

+10.5

666

–90

+12.7

n/a

n/a

672

–96

+12.2

n/a

n/a

679

–96

+13.0

n/a

n/a

680

–97

+13.1

n/a

n/a

686

–94

+18.2

n/a

n/a

688

–95

+14.2

n/a

n/a

696

n/a

+18.6

n/a

n/a

699

–97

+18.6

n/a

n/a

700

–104

+16.6

n/a

n/a

702

–95

+18.5

n/a

n/a

704

n/a

+16.8

n/a

n/a

706

–98

+17.9

n/a

n/a

708

–96

+16.2

n/a

n/a

713

–99

+11.0

n/a

n/a

715

–91

+14.1

–95

+13.6

717

–88

+12.1

n/a

n/a

721

–100

+12.3

n/a

n/a

726

n/a

+13.0

n/a

n/a

739

n/a

+12.0

n/a

n/a

744

n/a

+13.0

n/a

n/a

2B

2C

3A

3B
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4

756

–92

Replicate analyses shown in bold font.
mbsf = meters below seafloor.
n/a = not analyzed

+11.9

n/a

n/a
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